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Abstract 
 
This thesis is an account of the synthesis of novel iron(II) and ruthenium(II) complexes 
using 2,6-di(1H-pyrazol-3-yl)pyridine based ligands and their efficacy as spin crossover 
complexes and transfer hydrogenation catalysts respectively. 
Chapter 1 is an introduction to the spin crossover and transfer hydrogenation detailing 
significant literature examples, important influencing factors and applications. 
Chapter 2 details the synthetic pathways towards all novel ligands used in this work, 
including numerous attempted pathways and problems which were overcome. 
Chapter 3 describes the properties of a number of iron(II) complexes made using 2,6-
di(alkylpyrazol-3-yl)pyridine ligands. It is shown here that subtle steric and electronic 
factors about the iron(II) coordination sphere hinder spin crossover. 
Chapter 4 is a comparison of spin crossover properties of iron(II) complexes containing 
2,6-di(1H-pyrazol-3-yl)pyridine ligands bearing a number of different substituents on 
different positions. The spin crossover behaviour of these complexes is rationalised based 
on crystal structures, powder x-ray diffraction and magnetic susceptibility measurements. 
Chapter 5 is an explanation of the differing magnetic susceptibilities of a number of solid 
solutions of the complex [FeL2]X2 (L = 2,6-di(1H-5-methylpyrazol-3-yl)pyridine). 
Chapter 6 shows the effectiveness of a number of ruthenium(II) pincer type complexes as 
catalysts for the transfer hydrogenation of acetophenone derivatives. 
Chapter 7 is an account of all the synthetic procedures used in this work and includes the 
full analysis of all novel compounds synthesised. 
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1.1. The Spin Crossover Phenomenon 
 
1.1.1. Background 
The spin crossover (SCO) phenomenon has received much interest since its discovery in 
1931, whereby Cambi and co-workers recorded an abrupt drop in the magnetic moment of 
tris(N,N-dialkyldithiocarbamato) iron(III) complexes at low temperatures.
[1]
 The behaviour 
of these complexes was attributed to a chemical equilibrium between two magnetically 
isomeric forms. Around this time various ferrihemoglobin derivatives were also shown to 
possess either five or one unpaired electron and these differences were attributed to different 
combinations of ionic and covalent bonding to the iron centre.
[2]
 These findings, however, 
were not properly understood until after the development of ligand field theory and it wasn’t 
until over thirty years later that Cambi’s results were revisited and explained as the 
thermally induced switching between two almost equi-energetic spin states.
[3]
 This 
significant leap in the understanding of these systems resulted in an explosion of interest in 
the SCO phenomenon and to date examples of Co(II)/(III),
[4-6]
 Ni(II),
[7]
 Mn(II)/(III),
[8, 9]
 and 
Fe(II)/(III)
[10-12]
 complexes have been synthesised and shown to exhibit SCO behaviour. 
In an octahedral coordination geometry interaction of the metal d orbitals with coordinating 
ligands breaks the degeneracy of the d orbitals (Figure 1.1). The dxy, dxz and dyz orbitals are 
termed the t2g orbitals and are non-bonding with respect to the metal‒ligand bond. The dz2 
and dx2-y2 orbitals, termed the eg orbitals, are anti-bonding with respect to the metal‒ligand 
bond and raised to a higher energy than the t2g orbitals and the barycentre.
[13]
 The energy 
gap between the t2g and eg orbitals is termed the octahedral splitting energy, Δoct, or the 
ligand field splitting energy, 10Dq, and the magnitude is dependent on the field strength of 
the ligands, the specific metal centre and its oxidation state. The magnitude of this 
parameter can be determined by absorption spectra by observing the energy of the d-d 
transitions.  
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Figure 1.1 
An MO diagram of a d
6
 octahedral metal complex showing the origin of the ligand field splitting. 
 
 
Figure 1.2 
A simple representation of the SCO phenomenon. 
 
Metal centres from d
4
 to d
7
 configurations can exist in either a high spin or low spin state, 
and whichever state is observed depends on the relative energies of the octahedral splitting 
energy, Δoct, and the Hund’s rule exchange energy, P. The Hund’s rule exchange energy, P, 
arises from the Pauli exclusion principle, which states that two electrons cannot occupy the 
same space. Therefore two electrons in the same orbital will repel one another, leading to an 
unfavourable gain in energy of the system. In the instance of a weak ligand field with a 
small Δoct electrons will occupy the t2g and eg orbitals in accordance to Hund’s rule, thus 
avoiding the unfavourable energy gain from pairing electrons. In a d
6
 metal centre such as 
iron(II) this will result in a high spin (HS) complex in the quintet 
5
T2g (t2g
4
eg
2
) state. 
However if Δoct is larger than the energy it costs to pair electrons, such as in a strong ligand 
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field, then it will be energetically favourable to have as many electrons in the t2g orbital as 
possible. In the case of a d
6
 metal centre such as iron(II) this will result in a low spin (LS) 
singlet 
1
A1g (t2g
6
) state (Figure 1.2).  
In the case where the difference in the minimum of the 
5
T2g and 
1
A1g potential energy wells, 
E
0
HS – E
0
LS, are approximately equal to the ambient thermal energy, kBT, a spin transition 
can be triggered by variation of temperature (Figure 1.3). From Figure 1.1 and Figure 1.2 it 
is shown that in the HS state electrons occupy the eg orbitals. As these orbitals are anti-
bonding with respect to the M‒L bonds this has the effect of weakening these bonds and 
expanding the coordination sphere. The value of Δoct is largely dependent on r(M‒L) and 
will be smaller in magnitude in the HS complex due to the decreased proximity of the metal 
d and ligand orbitals. In contrast P is likely to change very little between states and may 
even be slightly larger in the HS state due to the nephelauxetic effect. The nephelauxetic 
effect is an expansion of the metal d orbitals and is caused by overlap of the metal d and 
ligand p orbitals.
[14]
 In the HS complex the lower proximity of the metal and ligand orbitals 
results in smaller overlap, reducing the nephelauxetic effect and slightly increasing P. 
[15]
 
this effect will be greatest in iron(II) complexes containing N-donor ligands, as the Fe‒N 
bond length has been shown to be most affected by a spin transition.
[16]
  
 
Figure 1.3 
A diagram showing the potential energy wells of the LS 
1
A1g state and the HS 
5
T2g state. 
 
In terms of enthalpy the LS state is most thermodynamically favoured due to its stronger 
M‒L bonds. However it is the HS state that has the higher entropy, due to the increase in 
electronic entropy from placing electrons in a larger number of orbitals, and the increase in 
1A1g 5T2g 
r(M-L) 
E 
Δr 
ΔE0 ~ kBT 
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vibrational entropy.
[17]
 The vibrational entropy contribution is due to the higher density of 
vibrational states in the HS state, which is shown arbitrarily in Figure 1.3. Around 25% of 
the entropy change comes from the electronic contribution, while the major contributors are 
the vibrational factors, of which vibrations and deformations of the M‒L bonds are more 
important than lattice contributions (Equation 1.1).
[18]
 At low temperatures the enthalpy 
effect dominates as the entropy term TΔS is negligible, thus making the LS state the most 
thermodynamically stable state. Upon increasing the temperature however, the entropic term 
dominates, eventually resulting in a more thermodynamically stable HS state and so making 
a spin change favourable. The point where the change in Gibbs free energy, ΔG = 0 J mol-1 
there should be a 50:50 HS:LS ratio when kinetics are not taken into account, and this point 
of a spin transition is termed the transition temperature, T1/2. The entropy change, ΔH, of a 
LS→HS transition is typically 10-20 kJmol-1, where the enthalpy change, ΔS, is around 50-
80 kJmol
-1
 therefore SCO is a process which is driven by the entropy of the system.
[19]
  
 
Equation 1.1 
Contributions to the total entropy change of a SCO system. 
                            
 
A consequence of the occupation of the eg orbitals in the HS state is a pronounced deviation 
from octahedral geometry around the metal centre. This is due to the weakening of the M‒L 
bonds which creates a coordination sphere which is more easily distorted.
[20]
 The distortions 
that arise can be quantified most commonly in terms of two parameters; the rhombic 
distortion parameter (Equation 1.2, Figure 1.4), Σ, which is a general measure of deviation 
from an octahedral geometry, and the trigonal distortion parameter (Equation 1.3, Figure 
1.4), Θ, which is a measure of the tendency of the geometry towards trigonal prismatic. The 
trigonal distortion parameter was first used to compare HS iron(II) complexes and was 
found to be strongly related to the extent of intersystem crossing from the 
5
T2g to the 
1
A1g 
state.
[21]
 The distortion parameters Σ and Θ can also be used in conjunction with M‒L bond 
lengths to assess the spin state of metal centres in a structure.  
 
Equation 1.2 
Calculation of the rhombic distortion parameter, Σ. 
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Equation 1.3 
Calculation of the trigonal distortion parameter, Θ. 
          
  
   
 
 
  
Figure 1.4 
Origin of the angles α and θ used in Equation 1.2 and Equation 1.3 respectively. 
 
In iron(II) complexes with two tridentate nitrogen donors such as 2,6-di(1H-pyrazol-3-
yl)pyridine (3-bpp) two other distortions to the iron centre can be defined. These are the 
twist in the least squares planes of the ligands, θ, and the trans angle, φ, which in an ideal 
octahedral coordination should be 90º and 180º respectively (Figure 1.5). A deviation from 
these values indicates Jahn-Teller distortions in the geometry which reduces the symmetry 
from D2d to C2.
[22]
 Distortions in the angles θ and φ can occur independently to one another 
and deviations in the angle φ are usually observed in a LS→HS transition. This is because 
the lattice can better accommodate a change in molecular size (the effect of a change in φ) 
than a change in molecular shape (the effect of a change in θ).[23] 
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Figure 1.5 
Description of the angles θ and φ in an [Fe(3-bpp)2]
2+
 complex. 
 
The distortion parameters Σ, Θ and angles θ and φ are correlated. The rhombic distortion 
parameter, Σ, can be considered to show the overall magnitude of the Jahn-Teller distortions 
characterised by the angles θ and φ, where Θ gives a better indication of the type of 
distortion. Jahn-Teller distortions arise when a non-linear molecule with a spatially 
degenerate ground state undergoes a distortion to remove the degeneracy and lower the 
overall energy of the system. Often in octahedral complexes Jahn-Teller distortions are 
manifested as an elongation or compression of the z axis, however in this case the result is a 
distortion in the θ and φ angles. Ligands with relatively small bite angles such as 2,6-di(1H-
pyrazol-3-yl)pyridine (Figure 1.5) and 2,6-di(pyrazol-1-yl)pyridine (~70-80º)
[23]
 are often 
associated with larger Jahn-Teller distortions in the HS state. These distortions are important 
in SCO as a highly distorted HS state would have to undergo a large structural change to 
access the LS state. If this structural change is not accommodated by the lattice this can lead 
to a kinetically slow spin transition, or even trapping of the complex in the HS state at low 
temperatures.
[24, 25]
 Therefore a complex which is expected to undergo a spin transition will 
have reasonable values for these distortion parameters (Figure 1.6).
[23]
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Figure 1.6 
Plot of [Fe(1-bpp)2]
2+
 complexes correlated to the values of θ and φ (left) and Σ and Θ (right). 
Complexes which remain HS (●), HS complexes which undergo SCO () and LS complexes () 
are shown. Taken from Halcrow.
[23]
 Copyright Elsevier. 
 
There are two types of spin transition commonly observed in SCO compounds. A 
continuous spin transition occurs gradually over a large temperature range, where T1/2 is 
defined as the point at which the HS:LS ratio is 50:50. This is generally the type of spin 
transition seen in solution, as adjacent complex molecules do not influence each other’s spin 
state and a Boltzmann distribution is observed at a given temperature.
[26]
 Discontinuous spin 
transitions on the other hand occur at a well defined T1/2 and are seen as an abrupt change in 
the magnetic susceptibility over a narrow temperature range. This cooperative effect has 
been attributed to the change in crystal volume that accompanies a spin transition, and it has 
been shown that elastic interaction between complex molecules can result in long range 
effects.
[27]
 The switching of small domains within a crystal creates an internal pressure 
which will stabilise the LS state resulting in a cascade effect. These spin state domains can 
even be seen to move through the crystal on a macroscopic scale.
[28, 29]
 Thermal hysteresis is 
another phenomenon often associated with discontinuous spin transitions. This is where T1/2 
in the cooling mode is not the same as in the warming mode which can lead to bistability of 
the HS and LS states (Figure 1.7).  
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Figure 1.7 
An example of an Fe(II) complex showing an abrupt transition with thermal hysteresis over multiple 
scans. Scan 1 (); scan 2 (); scan 3 (); scan 4 (); scan 5 (); scan 6 ().[30] Reproduced by 
permission of The Royal Society of Chemistry. 
 
There are a number of ways that cooperativity can be introduced into a crystal lattice. The 
number of intermolecular contacts within a crystal lattice have a strong correlation with the 
abruptness and hysteretic nature of a spin transition.
[31]
 This supports the lattice pressure 
effects previously mentioned; a structure with a higher number of close intermolecular 
contacts between adjacent molecules will more easily transmit elastic interactions 
throughout the lattice. One particular structure which has shown to result in high 
cooperativity is the terpyridine embrace structure which is common in complexes containing 
terpyridine ligands and other rigid tridentate ligands of a similar shape.
[32-34]
 This structural 
motif consists of layers of interlocking complex cations which are separated by layers of 
anions. These layers are able to convey cooperativity in two dimensions and result in 
compounds with abrupt transitions and wide thermal hysteresis.  
Layering of this type is possible because of π-π interactions between the neighbouring 
molecules. π-π stacking interactions have also been observed in other types of structures 
which have exhibited abrupt hysteretic transitions.
[35]
 Complexes which contain hydrogen 
bond donors and acceptors can often form hydrogen bonding networks which extend 
throughout a crystal lattice, and the number and strength of these interactions has been 
shown to be connected to cooperativity.
[36]
 This is not ubiquitous however, as there are 
examples of complexes exhibiting hydrogen bonding networks which show continuous spin 
transitions.
[36]
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1.1.2. Detection of Spin Crossover 
Due to the significant structural and electronic changes which occur during a spin transition 
there are a wide range of experimental techniques which can be used to confirm and 
quantify a spin transition. Due to the change in numbers of unpaired electrons 
accompanying a spin transition the most obvious measurement for a potential SCO complex 
to undergo is the magnetic susceptibility. Nowadays the most convenient method of 
measuring the magnetic susceptibility as a function of temperature is by a superconducting 
quantum interference device (SQUID). These devices are much more sensitive than Guoy 
and Faraday balances typically used to measure magnetic susceptibility and can collect data 
over a range of temperatures much more quickly. A typical DC SQUID consists of two 
superconductors separated by thin insulating layers to make two parallel Josephson 
junctions between which a sample is placed. A voltage across the junctions oscillates and 
the presence of magnetic flux changes these oscillations which are measured. These devices 
are very sensitive and are able to detect a signal as low as 10
-6
 emu. They also have the 
advantage of being able to operate at a sample temperature range of 3-380 K making them 
ideal for measuring the χMT vs T curves of SCO compounds. 
Another invaluable technique in the field of SCO which allows a spin transition to be 
studied is Mössbauer spectroscopy. The Mössbauer effect involves the resonant absorption 
and emission of γ radiation and is a highly sensitive technique which can probe small 
changes to nuclei.
[37]
 In a crystal lattice all the nuclei are bound together such that when a 
nucleus emits a γ ray the effective mass of the nucleus becomes that of the entire lattice, 
thus the fluorescence emission process can be considered to be recoilless. Significant energy 
loss through recoil of the nuclei, such as in the gas phase would result in failed resonant 
absorption. In Mössbauer spectroscopy the γ ray source must be of the same isotope as the 
nuclei being probed, and for iron complexes the source used is 
57
Fe. As the absorption 
frequency will be slightly different due to the local environment of the sample the frequency 
is adjusted using the Doppler effect and Mössbauer spectra are plotted as intensity over 
detector speed. There are three main features of a Mössbauer spectrum; the isomer shift, 
quadrupole splitting and hyperfine splitting. The isotope shift is analogous to the chemical 
shift in NMR spectroscopy and is a shift of a peak which correlates to the amount of s 
electron density which penetrates the nucleus. Nuclei with angular momentum l > 1/2 show 
a splitting of the energy levels which is termed the quadrupole splitting and in the case of 
57
Fe with l = 3/2 this results in a doublet. The hyperfine splitting is a result of an interaction 
with a magnetic field produced by the sample, and the spectrum will be a superposition of 
these effects. The extent of the quadrupole splitting can be used to determine the spin state 
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of the iron centres and can show the HS:LS fraction present in the sample at a given 
temperature. 
The magnetic susceptibility of SCO complexes can also be measured in solution and this is 
typically done via the Evans NMR method.
[38]
 This method involves analysing the shift of 
solvent peaks in the NMR spectrum caused by the local magnetic fields created by the 
sample. The mass susceptibility of the dissolved sample is then given by Equation 1.4, 
where Δf is the peak shift, f is the NMR spectrometer frequency, c is the concentration of the 
sample, χ0 is the mass susceptibility of the solvent and ρ0 and ρs are the densities of the 
solvent and solution respectively. For highly paramagnetic samples omission of the last term 
still gives a reasonable error in the measurement.
[38]
 
 
Equation 1.4 
Calculation of the solution molar susceptibility via the Evans NMR method. 
    
   
    
      
         
 
 
 
One advantage of the Evans NMR method is that it can be done over a range of 
temperatures and involves widely available apparatus. This method is limited, however, to 
the solubility of the sample and the freezing point of the solvent, and any precipitation at 
low temperatures can have a significant effect on the values. The error in this method can 
also be relatively large, around 5-10% depending on the sample concentration.
[39]
 
Due to the structural changes accompanying a transition which have been discussed in 1.1.1 
the occurrence of SCO can be verified by x-ray crystallography. This technique is limited, 
however, to complexes for which high quality single crystals can be obtained. Also due to 
the long collection times associated with most data acquisitions x-ray crystallography is not 
always a viable technique to follow the entire spin transition in the same way as magnetic 
susceptibility. Nonetheless it is a very valuable tool to accompany magnetic data, as 
structures obtained at strategic points in the spin transition can give useful information about 
structural changes which occur. The high detail of crystal structures also means that features 
such as close contacts, hydrogen bonding or π‒π stacking networks can be used to 
rationalise SCO behaviour in the solid state. This ability to attribute certain features of a 
spin transition, such as cooperativity, with those in the structure make x-ray crystallography 
an invaluable tool in elucidating structure/function relationships in SCO systems.  
Where high quality single crystals cannot be obtained powder x-ray diffraction (PXRD) can 
still be a useful tool. Instead of giving structural information of the coordination sphere of 
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the metal centre PXRD gives information about the unit cell and type of phase present. The 
powder patterns obtained can be compared qualitatively to one another or structural 
information obtained via Rietveld refinement.
[40]
 Another advantage of PXRD to single 
crystal XRD is the shorter collection times, meaning this technique can be used to determine 
structural changes at a range of temperatures. In this way variable temperature powder x-ray 
diffraction (VTPXRD) can give information on phase changes which may accompany or 
cause abrupt hysteretic transitions.  
Spectroscopic techniques such as Fourier transform infra-red (FT-IR) spectroscopy can be 
used to detect changes in the M‒L bond lengths in a complex. As electrons are promoted to 
the anti-bonding eg
*
 orbitals the M‒L bonds are weakened, and this will result in a shift of 
their stretching frequency in the FT-IR spectrum. Occupation of the eg
*
 orbitals also affects 
the symmetry of the molecule. As the complex becomes more distorted certain forbidden d-
d transition will become more allowed and will show in the UV/vis spectrum. This is not 
always a useful technique as the relatively weak d‒d transitions are often obscured by the 
much stronger metal‒ligand charge transfer (MLCT) bands. 
 
 
1.1.3. Applications of Spin Crossover 
The bistability and measurable switching exhibited in SCO complexes has numerous 
potential applications when incorporated into a functional material.
[41]
 At present however 
there are only very few examples of simple devices which have been made to demonstrate 
the potential of spin crossover compounds.
[42]
 SCO compounds have a large potential for 
minimising data storage media compared to the silicon chips currently used which are close 
to reaching their full potential. The temperature dependence and tune-ability of SCO 
compounds also makes them useful in thermosensitive dyes and inks which can be used as 
temperature threshold indicators and reversible temperature controlled screens. Although in 
these cases the air and moisture sensitive compounds first need to be stabilised by pre-
encapsulation.
[43]
  
SCO compounds have been shown to have potential as temperature responsive 
paramagnetic chemical exchange saturation transfer (PARACEST) contrast agents in MRI 
imaging.
[44]
 The paramagnetic high spin state will alter the T
2
 relaxation times of water 
molecules in a similar way to the commonly used gadolinium MRI contrast agents. 
Therefore, if an SCO contrast agent can be made with an appropriate T1/2 and hysteresis loop 
then it can be useful in medical applications such as monitoring of hyperthermic treatment 
of tumours via MRI (Figure 1.8).
[45]
 In one example different treatment of a SCO contrast 
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agent including doping to give the desired T1/2 and preencapsulation to improve stability 
finds that the effect on the T
2
 relaxation time is abrupt and reversible.
[46]
 
 
 
Figure 1.8 
Temperature maps obtained from an imaging experiment using [(Me2NPY5Me2)Fe(H2O)]
2+
 
(Me2NPY5Me2 = 4-dimethylamino-2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine) as a PARACEST 
contrast agent. Taken from Harris et al.
[44]
 Reproduced by permission of The Royal Society of 
Chemistry. 
 
One challenge for functionalising SCO compounds for data storage, optical and sensor 
applications is the deposition of thin films onto substrates whilst retaining the SCO 
properties of the bulk sample. Sequential assembly techniques provide an effective route to 
these thin films which involve the sequential chemisorption of building blocks onto a 
surface to give orientated multilayer thin films. This technique has been successful and it 
has been shown that guest molecules such as pyridine can influence the SCO properties of 
the film, highlighting the capability of these systems to be used as microsensors.
[47]
 In one 
case host‒guest interactions the HS state are stabilised by larger guests and an important 
feature is that they are synergistic; guest sorption can trigger a spin change but conversely a 
spin change can also cause guest desorption.
[48]
 This effect has also been observed in 
solution, where host–guest interactions between anions and ligands affect the spin state of 
an iron(II) complex. This particular complex is LS when anions are bound to all three 
ligands and HS when they are unbound, and this can be detected either by a change in 
colour and magnetic susceptibility.
[49]
   
As well as inorganic substrates such as silicon and quartz SCO complexes have been 
deposited on a biological membrane. 
57
Fe Mössbauer spectroscopy has confirmed the 
occurrence of SCO but also the presence of an iron by-product resulting from interaction 
with the membrane.
[50]
 This method has also been used to print nanodots of the SCO 
complex [Fe(ptz)6](BF4)2 (ptz = 1-propyl-tetrazole) onto a silicon wafer and this technique 
provides a useful route to creating microsensor devices which could detect the presence of 
solvents or a change in temperature.
[51]
 
There are also more subtle effects of a spin transition which can be exploited in future 
devices. One group has shown by doping an electroluminescence device with an SCO 
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complex the system can become temperature dependant.
[52]
 In this example the 
electroluminescent chlorophyll a layer is doped with [Fe(1-bpp)2](BF4)2, a complex for 
which the SCO properties are well documented, and suggests that the LS state of the iron 
complex quenches the emission of the chlorophyll compared to that of a reference device. 
The authors attribute this to the change in energy levels of the complex when it undergoes 
spin crossover, and in the LS state energy transfer can occur from the chlorophyll a to the 
complex, thus quenching its emission. 
In general for a SCO complex to be relevant to any applications it must exhibit an abrupt 
thermal hysteresis centred around room temperature with a wide hysteresis. Finding such a 
complex has been the focus of much of the research in this area, and with increased 
understanding of the factors affecting spin transitions a suitable complex can be rationally 
designed. 
 
 
1.1.4. Ligand Design 
In a metal complex Δoct depends on the metal, its oxidation state and the ligand field applied. 
Jørgensen’s spectrochemical series places different ligand types in the order in which they 
affect the magnitude of Δoct.
[53]
 Ligands which have occupied p orbitals, such as halides, are 
able to donate both σ and π electron density to the metal effectively increasing the M-L 
interaction and reducing the magnitude of Δoct. These types of ligand are termed weak field 
ligands and are usually more likely to give HS complexes. Conversely, ligands with empty 
π* orbitals, in addition to donating σ electron density to the metal are also able to accept 
electron density from the appropriate dπ orbitals on the metal. This backbonding has the 
effect of increasing Δoct usually resulting in a LS complex and these types of ligand are 
termed strong field ligands. The spectrochemical series for a range of common donor 
ligands are shown below: 
 
I
-
 < Br
-
 < S
2-
 < SCN
-
 < Cl
-
 < F
-
 < OH
-
 < H2O < NCS
-
 < MeCN < pyridine < NH3 < 2,2-
bipyridine < PPh3 < CN
-
 ≈ CO 
 
In terms of SCO complexes an appropriate ligand and metal combination must be chosen in 
order to have a sufficiently small energy difference between LS and HS states in order to 
allow switching to occur. Iron(II) has a field strength such that it can be tuned into the SCO 
region by the careful selection of ligands and for this reason iron(II) SCO complexes are by 
far the most documented in the literature.  
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For an iron(II) complex to exhibit SCO an appropriate ligand must be reasonably strong 
field and have empty π* orbitals which can accept electron density from the metal. Busch 
and co-workers used absorption spectra to investigate the Dq values of iron(II) with various 
ligands and suggested that a ligand with a field strength of Dq = 1250 ± 80 cm
-1
 will allow 
population of both HS and LS states.
[54]
 One large class of ligand which offers a field 
strength in this range are those based on multi-dentate imines. An additional advantage to 
this ligand class is that they can be derivatised with a wide range of substituents which can 
alter the σ donating and π accepting nature of the ligands, thus fine-tuning the ligand field. 
The diimine ligands 1,10-phenanthroline and 2,2’-bipyridine (Figure 1.9) make 
tris(diimine)iron(II) complexes which remain LS at room temperature, indicating that their 
field strength is too high for SCO to occur. Substituting electron donating groups such as 
methyl and methoxy groups adjacent to the imines has the effect of increasing the electron 
density in the π* orbitals. This makes these π* orbitals less able to accept electron density 
from the metal dπ orbitals, thus reducing the ligand field. In the tris(diimine)iron(II) 
complexes of 2-methyl-phenanthroline and 2-methoxy-phenanthroline this results in 
complexes which are HS and undergo a spin transition at low temperatures. The placement 
of these groups around the ring is also important, as substitution at positions further away 
from the donating nitrogens will have a smaller effect on the ligand field than those 
adjacent.
[55]
 
 
 
Figure 1.9 
The ligands 2,2’-bipyridine (left) and 1,10-phenanthroline (right) where R = H. 
 
In addition to altering the field strength exerted by a particular ligand on the iron(II) centre 
the sterics of any substituents can play a large role in determining SCO properties. Because 
of the contraction of the coordination sphere accompanying a spin transition placing steric 
bulk adjacent to the imine groups may cause intramolecular contacts which inhibit a spin 
transition. These perturbations have been observed in complexes of 2,6-di(pyrazol-1-
yl)pyridine, where the steric bulk of mesityl groups in the distal position gives a complex 
with Fe‒Npyrazole bonds which are larger than for the equivalent methyl substituted complex 
in the LS state.
[56]
 In the case of this example the effect of the bulk of the mesityl groups 
was not large enough to prevent access to the LS state, and this complex was LS at 290 K. 
In triimine donors the bite angle, α, can also have an effect on the overall structure and 
likelihood of SCO. In ligands with a relatively small bite angle such as 2,6-di(pyrazol-1-
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yl)pyridine derivatives (α ≈ 73º)[23] an unusual Jahn-Teller distortion can occur, which has 
already been discussed in 1.1.1 (Figure 1.5). Density functional (DF) calculations have 
shown that the ligand plane twist has a larger effect on the ligand field stabilisation energy 
and this distortion is favoured by narrower bite angles in the ligands.
[22]
 The deviation of the 
Npyridine‒Fe‒Npyridine bond angle from 180º tilts the pyrazole lone pairs away from one of the 
the dxz and dyz orbitals but tilts the pyridine lone pair towards the other. This results in an 
overall increase in the LFSE and cellular ligand field (CLF) calculations have shown that 
these combined distortions effectively stabilise the HS state. With this in mind, an ideal 
triimine ligand for SCO complexes should not have an excessively small bite angle.  
Another factor which influences the extent of distortions around the metal centre can be the 
magnitude of intermolecular steric clashes. These clashes will arise more in complexes of 
ligands which have sterically bulky groups around their periphery. As previously 
mentioned, due to weaker M‒L bonds the coordination sphere is more deformable in the HS 
state and bulky substituents are more likely to cause such distortion. This could lead to 
complexes being trapped in the HS state as a result of not being able to overcome lattice 
constraints. Where this isn’t the case, however, these steric clashes could offer cooperativity 
within the lattice and result in abrupt transitions desirable for potential applications. This is 
due to the effect of increased internal pressure accompanying a spin transition which has 
already been discussed in 1.1.1. The overall shape of the ligands influences the packing 
motif adopted by SCO complexes, and some of these motifs such as the terpyridine embrace 
have been shown to consistently give complexes with abrupt hysteretic transitions. 
[32-34]
  
As previously discussed in 1.1.1, the introduction of hydrogen bonding networks into the 
lattice of a SCO complex can increase the cooperativity of the system. This is achieved by 
designing ligands which contain hydrogen bond donors and acceptors, and these groups can 
also form hydrogen bonds with solvent molecules and anions in the lattice. Weber has 
shown the importance of this hydrogen bonding effect in iron complexes by replacing 
hydrogen bond donors in coordinating imidazole ligands with deuterium, the effect being a 
4 K reduction in the hysteresis width (Figure 1.10).
[57]
 This was attributed to a slightly 
stronger N‒D bond, resulting in weaker hydrogen bonds and therefore weaker 
intermolecular interactions.
[58]
 These findings highlight the importance of hydrogen bonding 
networks in the solid state but the effect of hydrogen bonding can be difficult to predict and 
this still remains a challenge in ligand design.  
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Figure 1.10 
χMT vs T curves of two polymorphs of the complex [FeL(Im)2], where L = (diethyl(E,E)-2,2_-[1,2-
phenylbis(iminomethylidyne)]bis[3-oxobutanoate](2–)-N,N’,O3,O3’) and Im = imidazole comparing 
protonated (black) and deuterated (white) imidazole. Taken from Weber et al.
[57]
 Reproduced by 
permission of Wiley. 
 
 
Figure 1.11 
The ligand (diethyl(E,E)-2,2_-[1,2-phenylbis(iminomethylidyne)]bis[3-oxobutanoate](2–)-
N,N’,O3,O3’) used by Weber et al.[57] 
 
In addition to offering cooperativity in the solid state hydrogen bonding also has an effect 
on SCO in solution. In solution, however, the effect of hydrogen bonding is to shift T1/2 by 
stabilising either the LS or HS state. In iron(II) complexes of the ligand 2,6-di(1H-pyrazol-
3-yl)pyridine (3-bpp) the non-coordinating pyrazole NH groups are able to donate hydrogen 
bonds to solvent molecules. It has been shown via Evans NMR of [Fe(3-bpp)2]
2+
 complexes 
that solvents which are stronger hydrogen bond acceptors stabilise the LS state and increase 
T1/2, with a considerable stabilisation in water compared to organic solvents (Figure 1.12).
[59]
 
This effect is a result of an increase in the electron density at the coordinating pyrazole 
nitrogens when the ligand is forming hydrogen bonds at the pyrazole NH groups. This 
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increases the σ donating ability of the ligand, which in turn increases the ligand field and so 
stabilises the LS state.
[60]
 
 
 
Figure 1.12 
χMT vs T curves of [Fe(3-bpp)2](BF4)2 in CD3NO2 (●), CD3CN (●),(CD3)2CO (○), (CD3)2NCDO (), 
CD3OD () and D2O () determined via the Evans NMR method. Taken from Halcrow et al.
[59]
 
Reproduced by permission of The Royal Society of Chemistry. 
 
 
1.1.5. Light Induced Excited Spin State Trapping (LIESST) Effect 
The light-induced excited spin state trapping (LIESST) effect is the creation of a metastable 
HS state at low temperatures by irradiating the d‒d and MLCT bands of the LS state with 
light of an appropriate wavelength and was first observed in the solid state by Decurtins in 
1984.
[61, 62]
 The LIESST process can also be reversed via application of a different 
wavelength of light, and this is known as the reverse LIESST effect. This effect is of 
particular interest for applications such as data storage, although the barrier to their 
development is the relatively short lifetime of the metastable HS state at working 
temperatures.  
The LIESST process involves excitation of the 
1
A1 state to either the 
1
T1 state or the lower 
lying 
3
T1 state. From these states the system undergoes intersystem crossing (ISC) to the HS 
5
T2 state, and from the triplet state this ISC process is almost quantitative. The reverse 
LIESST effect involves the excitation of this metastable HS 
5
T2 state to the 
5
E state, 
followed by a subsequent ISC to relax back to the LS 
1
A1 state (Figure 1.13).
[63]
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Figure 1.13 
Diagram showing the potential energy wells of the ground states and excited states of a SCO system. 
Arrows show the pathways of LIESST and reverse LIESST. Reproduced from Hauser
[63]
 with 
permission of AIP Publishing LLC. 
 
The extent of the LIESST effect is measured by the T(LIESST) approach. This approach 
involves irradiating the sample at 10 K to generate the metastable HS state and then 
warming at a rate of 0.3 Kmin
-1
 until the metastable state decays back to the LS state. Laser 
diodes are typically used to excite the sample and the exact wavelength depends on the 
absorption transitions of the particular sample. The temperature threshold at which the 
metastable state is no longer long lived is termed T(LIESST) and this temperature is 
measured as the minimum of the dχMT/dT versus T curve (Figure 1.14).  
It is relatively rare to observe the LIESST effect in iron(III) complexes, and by far the most 
examples to show the effect are in complexes of iron(II). This is due to the larger difference 
in M‒L bond lengths between the HS and LS states in iron(II). The similarity in the HS and 
Chapter 1 
 
20 
 
LS potential wells in iron(III) results in more overlap between the vibrational wavefunctions 
and this allows the metastable state to relax via quantum mechanical tunnelling.
[64]
 
 
 
Figure 1.14 
Example of a T(LIESST) experiment on an iron(II) complex. Cooling and warming without 
irradiation (▲), irradiation at 10 K (○) and the T(LIESST) measurement (Δ). The inset shows the 
first derivative used to accurately measure T(LIESST). Taken from Létard.
[65]
 Reproduced by 
permission of The Royal Society of Chemistry. 
 
There are two ways in which the lifetime of the metastable state can be increased. One is to 
create a particularly stable HS state which can be achieved by having a HS state in which 
the octahedral iron centre is particularly distorted. This slows the conversion back to the LS 
state in a similar way to the HS trapping observed in some complexes and T(LIESST) has 
been shown to be strongly correlated to the octahedral distortion.
[65]
 Another proposed 
method for increasing the lifetime would be to excite the complex in the middle of a 
hysteresis loop. This would require a hysteresis loop of around 100 K at working 
temperatures, however, and obtaining such complexes is an ongoing struggle in the field of 
SCO.  
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1.1.6. Peturbations to Spin Crossover 
In addition to temperature and light, a spin transition can also be triggered by application of 
external pressure. Because of the contraction of the coordination sphere the molecular 
volume decreases on a HS→LS transition, therefore the application of external pressure has 
the effect of stabilising the LS state. This in turn increases T1/2 and also usually decreases 
the hysteresis width in a sample (Figure 1.15). It has been suggested that increasing pressure 
increases the zero point energy difference in the HS and LS potential wells, ΔE0HL, as well 
as reducing the activation energy of interconversion which leads to a higher population of 
the LS state.
[66]
 These effects can also be accompanied by a change in shape of the χMT vs T 
curve but the exact nature of these perturbations are often dependant on the nature of the 
cooperativity in the system and can be difficult to predict. In some examples the opposite 
effect has been observed and has been attributed to a transformation to a new phase with a 
smaller unit cell volume.
[67]
 
 
 
Figure 1.15 
χMT vs T curves for the complex [Fe(phen)2(NCS)2] at increasing pressures (phen = 1,10-
phenanthroline). Taken from Gütlich et al.
[66]
 Reproduced by permission of Elsevier. 
 
Complexes of transition metals experience a stabilisation in an applied magnetic field. In the 
instance that two spin states are available the state with the most unpaired electrons will 
experience the most stabilisation. In the case of SCO systems this has the effect of 
stabilising the HS state and shifting T1/2 to lower temperatures. This effect is relatively 
small; a shift of only -0.10 ± 0.04 K is observed when increasing the field strength from 1-
5.5 T in the complex [Fe(phen)2(NCS)2] (phen = 1,10-phenanthroline).
[68]
 In larger fields of 
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up to 30 T however an irreversible 10% increase in population of the HS state has been 
observed with a calculated temperature shift of -1.6 K in the mixed crystal complex 
[Fe0.52Ni0.48(btr)2(NCS)2]·H2O (btr = 4,4'-bis(1,2,4-triazole).
[69]
  
The effect of thermal scan rate has been investigated in complexes of iron(II) and Co(II) 
between 0.2-10 Kmin
-1
. In both cases a slower thermal scan rate leads to a pronounced 
reduction in hysteresis width, the largest difference being that of the dinuclear 
[Fe2(PMPh
tBu
T)2](BF4)4·3.5H2O (PMPh
tBu
T = Pyridin-2-ylmethyl-(5-{[(pyridin-2-
ylmethyl)-amino]-methyl}-4H-[1,2,4]triazol-3-ylmethyl)-amine)complex with a reduction 
from 41-22 K.
[70, 71]
 This observation is due to kinetic aspects of the spin transition. At 
slower scan rates a complex has more time to reach its equilibrium state at a given 
temperature, whereas a faster scan rate will have the effect of thermally trapping the spin 
states until the thermodynamics overcome the kinetics. 
Many counter anions used in spin crossover complexes possess hydrogen bond acceptor 
groups, and this makes them capable of perturbing the H-bonding networks in the solid 
state. It has also been observed that not only the hydrogen bonding nature but also the size 
of the anion has an effect. This effect has been demonstrated by the magnetic susceptibility 
of a series of tris(2-aminomethylpyridine)iron(II) halides. It was found that the chloride 
gave an abrupt transition; the bromide gave a less abrupt transition with incomplete 
conversion to the LS state and the iodide showed very little SCO behaviour.
[72]
  
The relationship between the anion size and the SCO temperature can be explained by 
inductive effects; smaller anions have a higher charge density, and can form stronger 
hydrogen bonding interactions with the ligands. This draws electron density away from 
coordinating nitrogens, making them less basic and weakening the M‒L bond, causing it to 
lengthen. This lengthening of the M‒L bonds stabilises the HS state, and leads to a decrease 
in the SCO transition temperature, T1/2. This effect has been confirmed by experiment and 
density functional theory calculations for complexes with imidazole type ligands however 
due to the sensitivity of SCO on many different variables this trend does not apply to all 
classes of compounds.
[73]
 The effect of the anion size has also been investigated for less 
simple anions such as ZrF6
2-
, but using the volume rather than the ionic radius in order to 
determine linear relationships between anion size and the spin transition temperature, and 
the authors were able to construct a database which could aid in predicting T1/2 in potential 
SCO complexes.
[74]
  
The presence of solvent within a crystal lattice can also have implications on the 
cooperativity of a SCO system as those with hydrogen bond donors and acceptors can 
contribute to the hydrogen bonding networks (Figure 1.16). These are not exclusive and 
networks can exist between complex cations, anions and solvent molecules. The effect of 
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the solvent has been shown by the complex tris(2-aminomethylpyridine)iron(II) chloride 
discussed above which can be crystallised from a number of solvents. In this case it has 
been observed that the methanol solvate gives a more gradual transition than the ethanol 
solvate, and the monohydrate gives a hysteretic spin transition with a higher T1/2.
[75]
 The 
dihydrate however gives a fully LS complex, so the effect of solvation with a hydrogen 
bonding solvent on cooperativity can be difficult to predict and is due to subtle structural 
factors.  
 
 
Figure 1.16 
χMT vs T curves for different sovates of the complex [Fe(tpa)(NCS)2] (tpa = tri(2-
pyridylmethyl)amine). pI and pIV refer to the polymorph of the complex. Reprinted (adapted) with 
permission from Wei et al.
[76]
 Copyright 2011 American Chemical Society. 
 
As with solvent effects in solution, implications of the presence of solvent in the solid state 
have also been investigated using deuterium labelling techniques. In one particular example 
a complex was prepared in protonated and deuterated methanol to make the dimethanol 
solvate and their properties were compared. It was found that protonated methanol gave a 
hysteresis width of 82 K, whereas deuterated methanol gave a smaller width of 79 K.
[57]
 It is 
difficult, however, to correlate this difference to the number and strength of hydrogen 
bonds. In this same example it is also shown that the complete removal of methanol from 
the structure causes the transition to become gradual and lose hysteresis, indicating that the 
solvent molecules play an important role in inferring cooperativity in the structure.  
This sensitivity of SCO compounds to solvation may provide potential applications. Some 
SCO materials have been made which show reversible and irreversible exchange of solvent 
molecules in the lattice.
[76]
 This process is accompanied by a change in SCO properties and 
if they exhibit thermochromism, complexes of this kind could have implications in sensor 
applications. In this case the differences in properties were attributed to the differences in 
intermolecular forces which alter the field strength of the ligands, which in turn affect the 
ligand field splitting. 
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When in solution hydrogen bonding interactions with the solvent involving hydrogen bond 
donors close to coordinating nitrogen atoms has the effect of stabilising the LS state and 
reducing T1/2. In this work the characteristics of the solvent will be described using four 
parameters. EN is a normalised scale of solvent polarity based on the molar electronic 
transition energies of a probe dye.
[77]
 DN is the donor number, and is a measure of lewis 
basicity of the solvent or how readily it donates its’ lone pair.[78] SB is the solvent basicity[79] 
and the β parameter is a scale of the hydrogen-bond acceptor basicity, or how readily it 
donates its electron pair to form a hydrogen bond.
[80]
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1.2. Transfer Hydrogenation Catalysis 
Transfer hydrogenation (TH) is the process of reducing a substrate such as a ketone or imine 
to their respective alcohols and amines using hydrogen from a donor molecule such as an 
alcohol. This is a desirable method in industry as it avoids using high pressures of hydrogen 
gas which can be dangerous and impractical. Ruthenium(II) complexes containing the 
BINAP ligand (BINAP = 2,2’-bis(diphenylphosphino)-1,1’-binapthyl) (Figure 1.17) have 
proved very successful in the asymmetric transfer hydrogenation of ketones into their 
corresponding optically active secondary alcohols.
[81, 82]
 This process is useful in the 
production of many pharmaceuticals and the enantioselectivity of the reaction negates the 
chiral resolution process and allows maximum yields to exceed 50%. 
 
 
Figure 1.17 
Structures of the chiral ligands (R)-BINAP and (S)-BINAP. 
 
Towards this application η6-arene-ruthenium complexes and their isoelectronic rhenium and 
iridium complexes have been shown to be highly effective TH catalysts.
[83]
 The general 
catalytic cycle for TH in ruthenium catalysts first involves the generation of the active 
catalyst which is a ruthenium hydride species. This is typically formed via β-elimination of 
a donor alcohol such as isopropanol to produce acetone as a by-product. This 18 electron 
ruthenium hydride species is then able to bind the carbonyl or imine substrate and then 
reductively eliminate to give the desired alcohol or amine product. This then regenerates the 
16 electron ruthenium species which will bind another isopropoxide ion and reform the 
catalytic hydride species via β-elimination to continue the catalytic cycle (Figure 1.18).[84] 
For this cycle to occur the carbonyl must bind to the metal in such an orientation to favour 
the reductive elimination step which forms the product. An electrophilic metal is more 
likely to form an “end-on” σ bonded species at the carbonyl oxygen. This conformation 
makes it difficult for a hydride to reach the carbonyl π* orbital in order to react and so these 
systems are not expected to make efficient catalysts. In cases where the substrate carbonyl is 
π bonded in a “side-on” fashion the hydrido ligand has much better access to the π* orbital 
on the carbon and this is expected to result in effective TH catalysts. Because the occurrence 
of this conformation relies on the electrophilicity of the metal used and an appropriate 
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LUMO on the substrate this limits these TH reactions to just a few transition metals and 
substrates. 
 
Figure 1.18 
A typical catalytic cycle of a ruthenium TH catalyst. 
 
Another advantage of using TH catalysts as a route towards alcohols is its’ ability to afford 
them in potentially high enantiomeric purity. This enantioselectivity is achieved by the 
incorporation of chiral ligands onto the metal centre which transfer their chirality to the 
substrate by influencing their binding to the metal. The TH reaction is reversible, however, 
and enantioselectivity is influenced by both kinetic and thermodynamic factors. Over time 
this can lead to a decrease in enantioselectivity. Also because of the reversibility of the 
reaction TH can be very sensitive to substrate and hydrogen donor concentrations. 
Ruthenium complexes bearing C2 symmetric ligands such as substituted ferrocenes and 2-
(sulphonamide)cyclohexanes have been shown to hydrogenate acetophenone and 1-
acetylnapthalene under mild conditions with good conversion (> 95%) and reasonable 
enantioselectivity (ee > 80%).
[85]
 In this case the synthetic routes to the ligands allowed high 
enantioselectivity without the need for any chiral resolution, making these systems viable 
asymmetric TH catalysts. 
 
Chapter 1 
 
27 
 
 
Figure 1.19 
(1S, 2S)- N-(p-toluenesulfonyl)- 1,2-diphenylethylenediamine [(S,S)-Ts-DPEN]. 
 
Some of the first asymmetric ruthenium(II) TH catalysts were prepared by Noyori et al. and 
used chiral (1S, 2S)- N-(p-toluenesulfonyl)- 1,2-diphenylethylenediamine [(S,S)-Ts-DPEN] 
and BINAP ligands (Figure 1.17, Figure 1.19). These complexes were able to convert 
acetophenone to (S)-1-phenylethanol at room temperature with 97% ee and 95% 
conversion.
[86]
 In this example the % conversion and enantioselectivity were also affected by 
the substitution on the phenyl ring and the adjacent alkyl group (Figure 1.20). The reaction 
was slowed by ortho substitution on the phenyl ring and where R1 is a sterically bulky 
substituent such as an isobutyl group the reaction didn’t proceed at all. Conversely 
substitution of an electron withdrawing group (EWG) at the meta position on the phenyl 
ring gave the best results with 98% conversion and 98% ee.  
 
 
Figure 1.20 
Structure of acetophenone derivatives. 
 
It was also observed that the electronic properties of the chiral ligand also had an effect on 
the reactivity of Noyori-type catalysts. When the (S,S)- DPEN ligand was substituted with 
electron withdrawing groups such as trifluoromethanesulphonate this led to a decrease in the 
catalytic activity, and found that the tosylate group gave the best balance of activity and 
enantioselectivity.
[86]
 
Tridentate imine ligands are very attractive in terms of ruthenium(II) TH catalysts. In 
addition to forming stable complexes with ruthenium(II) they also possess potential to be 
sterically and electronically tuned in order to create a catalyst system with the desired 
properties. Complexes of the type [RuCl(NNN)(PPh3)2]Cl (where NNN is a triimine donor 
ligand) have proven to be efficient catalysts for the TH of acetophenone derivatives and 
some have achieved up to 100% conversion with a final turnover frequency (TOF) of 
180000 h
-1
 after only 20 seconds.
[87]
 The authors ascribed this high catalytic activity to the 
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asymmetric environment around the ruthenium(II) centre which is generated by the 
asymmetrically substituted 2,6-di(1H-benzimidizol-2-yl)pyridine ligand. Interestingly the 
presumed catalytically active RuH species obtained from basic isopropanol solution was 
isolated and structurally resolved. In this report a ruthenium(II) complex bearing a similar 
asymmetric ligand was also investigated for enantioselectivity in the TH reaction of 
acetophenone derivatives. It was found that this complex gave yields of >95%, but the 
enantiomeric purity ranged from 56-79% ee which is less than the previously mentioned 
catalysts made by Noyori et al. Ruthenium(II) complexes bearing NNN type ligands, 
however, have been shown numerous times to be more active than their similar p-cymene 
half sandwich complexes.
[88, 89]
 
These tridentate imine ligands have also been used in conjunction with bidentate NN and 
NO
-
 type ligands. In the latter, the bidentate ligands used were pyridine carboxlates and the 
hard donor O
-
 has the effect of stabilising the Ru(III) oxidation state. In the case of NN type 
ligands however the catalytic rate seemed less dependent on the bidentate ligand used and 
instead depended more on the acetophenone substrate used.
[88]
 Bulkier phenyl substituents 
on the acetophenone substrate such as a 2,4,6-triphenyl group substantially lowered the 
overall yield to between 8-38% for the catalysts studied. 
A neutral ruthenium(II) complex of the type [RuCl2L(PPh3)] has been reported where L is 
the asymmetric ligand 2-(3,5-dimethyl-pyrazol-1-yl)-6-(1H-pyrazol-3-yl)-pyridine (Figure 
1.21). This complex showed extremely high catalytic activity in the TH of acetophenone 
derivatives achieving a final TOF of 720000 h
-1
 for 2-bromoacetophenone.
[90]
 The authors 
attribute this high catalytic activity to the asymmetry, hemilability and the presence of an 
NH functionality on the ligand. The asymmetry of the ligand infers an asymmetric 
coordination sphere to the ruthenium(II) which has been shown to increase catalytic 
activity.
[87]
 The NH function on this ligand is presumed to be a major contributing factor to 
the accelerated activity by acting as a proton donor which facilitates the acceleration of the 
catalytic mechanism. While this NH function is deprotonated under basic conditions the 
catalytic intermediate was not isolated in this case, however the authors expect the 
mechanism to follow a similar mechanism to the catalytic cycle shown in Figure 1.18.  
 
 
Figure 1.21 
The asymmetric ligand 2-(3,5-dimethyl-pyrazol-1-yl)-6-(1H-pyrazol-3-yl)-pyridine. 
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1.3. Project Aims 
The aim of this project is primarily to synthesise novel ligands for use in the areas of SCO 
and TH. Their iron(II) and ruthenium(II) complexes will then be made with the objective of 
(i) making novel complexes with behaviours desirable for potential applications such as data 
storage and (ii) improving the understanding of the factors that affect the functionality of 
these complexes. Both SCO and TH complexes have utilised derivatives of the 2,6-
di(pyrazol-1-yl)pyridine (1-bpp). This ligand is able to be substituted on nearly every 
position by literature procedures and so the ligands sterics and electronics are easily 
tuneable. This property makes them ideal triimine ligands towards these applications and a 
wealth of interesting iron(II) SCO compounds and a few ruthenium(II) TH complexes. 
Specific examples of these will be discussed in the subsequent chapters. 
The focus of this project, however, is on the structural isomer of 1-bpp, 2,6-di(1H-pyrazol-
3-yl)pyridine (3-bpp) (Figure 1.22). This ligand has very similar steric and electronic 
properties to its 1-bpp isomer, but the most interesting feature of this ligand is the 
availability of the pyrazole NH function. In terms of SCO complexes these groups can act as 
hydrogen bond donors which may lead to the formation of hydrogen bond networks which 
increase the cooperativity of the system in the solid state. Complexes of this type could also 
be more susceptible to the hydrogen bonding nature of a solvent when in solution, which is 
expected to affect their T1/2. 
 
 
Figure 1.22 
The two isomers 2,6-di(pyrazol-1-yl)pyridine (1-bpp) and 2,6-di(1H-pyrazol-3-yl)pyridine (3-bpp). 
 
However, there are fewer examples of 3-bpp SCO complexes in the literature. This is due to 
the relative synthetic difficulty of making substituted 3-bpp compared to those of substituted 
1-bpp. Therefore a primary aim of this project is to devise synthetic routes to novel 3-bpp 
derivatives. Some of these were comparable to their 1-bpp analogues, in which case the 
properties of their resulting complexes were compared and any differences accounted for in 
an attempt to further understanding of structure/function relationships in SCO compounds of 
iron(II). Other ligands were made with the aim of maximising intermolecular interactions 
within subsequent iron(II) SCO complexes, such as by adding steric bulk, hydrogen bond 
donors/acceptors or a combination of both to certain positions in the hope of increasing 
cooperativity. In addition a novel synthesis was utilised to synthesise the first examples of 
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asymmetrically substituted 3-bpp ligands. These complexes were then characterised 
primarily by x-ray diffraction and magnetic susceptibility measurements in an attempt to 
identify any factors which affect the function. 
The availability of the pyrazole NH groups also has implications in ruthenium(II) TH 
catalysts. These ligands are expected to form pincer type complexes, and this sets up the 
pyrazole NH function in a favourable position to be delivered to a substrate. This NH 
availability has been suggested to greatly increase the reaction rate and final TOF. Therefore 
ruthenium(II) complexes of the type [RuCl(3-bpp)(PPh3)2]Cl were made and characterised. 
Preliminary results were then obtained in order to ascertain their effectiveness as catalysts 
and to identify any trends which may occur as a result of the structure of the ligands. 
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2.1. Introduction 
This chapter is concerned with the synthesis of all novel ligands used in this research. The 
aims of this part of the project were to create, by modifying existing literature procedures, a 
series of ligands based on the 2,6-di(1H-pyrazol-3-yl)pyridine skeleton. These would then 
be used to make iron complexes in the hope that by tuning their sterics and electronics spin 
crossover could be achieved. While there are examples of SCO complexes containing imine 
ligands based on 2,2-bipyridine,
[1]
 terpyridine,
[2]
 Schiff base,
[3]
 and porphyrin ligands
[4]
 one 
of the most conducive areas of research have focused on 2,6-di(pyrazol-1-yl)pyridine (1-
bpp) derivatives.
[5]
 These tridentate ligands, as with other aromatic imines, are strong σ-
donors to the metal but also contain low lying π* orbitals which allow backbonding from the 
metal d
π
 orbitals thus strengthening the M–L interaction.[6] These ligands in particular 
provide a good N
6
 coordination sphere to promote SCO behaviour in iron(II). The factors 
which determine whether a complex will undergo a spin transition were discussed in detail 
in Chapter 1. 
In the literature there are plentiful examples of 1-bpp ligands which have been substituted 
on almost all positions on both the pyridine and pyrazole rings.
[7-10]
 This is largely due to the 
versatility of the synthetic procedure which involves heating the 2,6-dibromopyridine with 
the desired pyrazolate ion (Scheme 2.1). This procedure can be applied to various pyridine 
and pyrazole derivatives, although the yield is reduced when bulkier pyrazole derivatives 
are used.
[8]
 
 
 
Scheme 2.1 
Scheme showing the synthesis of 1-bpp derivatives, where X = Cl, Br. 
 
While some simple substituted pyrazoles are commercially available, synthetic routes to 
more complicated derivatives are can also be utilised.
[11]
 By using 2,6-dichloro-isonicotinic 
acid methyl ester as the pyridine moiety in the reaction scheme shown in Scheme 2.1, the 
resulting 2,6-di-pyrazol-1-yl-isonicotinic acid methyl ester can, through a succession of 
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steps, be converted to 4-iodo-2,6-di-pyrazol-1-ylpyridine, whose iodo functionality can 
allow a wide range of substituents to be added to the pyridyl C4 position via a Suzuki cross 
coupling reaction.
[12, 13]
 
In addition to the considerable success achieved in the field of SCO using these ligands 
there has also been interest in its structural isomer 2,6-di(1H-pyrazol-3-yl)pyridine (3-
bpp).
[14]
 There are far fewer examples of substituted 3-bpp ligands in the literature, however. 
The general procedure for making unsubstituted 3-bpp starts with 2,6-diacetyl pyridine. 
Heating this with N,N-dimethylformamide dimethylacetal gives two oxopropene groups 
which are predisposed to cycloaddition with hydrazine, thus forming the pyrazole rings in 
situ (Scheme 2.2).
[15, 16]
 
 
 
Scheme 2.2 
Scheme showing the synthesis of unsubstituted 3-bpp. 
 
Although this method provides a convenient route to unsubstituted 3-bpp, it lacks the 
versatility of the 1-bpp synthesis which would allow the introduction of peripheral 
substituents. By changing the reagent in the first step substituents can be added to the 
pyrazolyl C5 position, however the derivatives of N,N-dimethylformamide dimethylacetal 
which are commercially available are very limited.
[17]
 
More recently there have been examples photoluminescent and catalytically active transition 
metal complexes using 3-bpp ligands substituted at the pyrazolyl C5 position, and these 
ligands have also been used for actinide(III)/lanthanide(III) separation.
[18-20]
 The synthetic 
route utilised by Chen et al involves a Claisen condensation using a base to form an enolate 
which can then displace the methoxy groups in dimethyl 2,6-pyridinedicarboxylate. 
[21, 22]
 
This produces a bisdiketone which can subsequently react with hydrazine to form the 
pyrazole rings incorporating the R group present in the initial ketone (Scheme 2.3).  
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Scheme 2.3 
Scheme showing a synthetic route towards 3-bpp derivatives bearing alkyl substituents on the 
pyrazolyl C5 position.
[21]
 
 
Despite the occurrence of these ligands they have rarely been used in iron SCO complexes 
as a method of sterically or electronically tuning the environment around the iron centre. 
With these available synthetic methods we hoped to introduce a number of substituents to 
the 3-bpp skeleton, specifically electron donating and withdrawing groups, sterically bulky 
groups and hydrogen bond donators and acceptors, so that their effects on SCO can be 
compared in order to establish any structure/function relationships that might exist.  
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2.2. N1 Substituted 2,6-Di(1H-pyrazol-3-yl)pyridine Derivatives 
Substitution at the pyrazole NH group takes place via a nucleophilic substitution of an 
appropriate alkyl halide by a pyrazolate ion formed in situ. This procedure can be performed 
using 3-bpp, after it has been synthesised by the standard procedure described above.
[23]
 In 
this work four ligands were synthesised using this method each with a different alkyl group 
on the pyrazolyl NH position (Figure 2.1).  
 
 
Figure 2.1 
The pyrazole NH substituted ligands discussed in this work and their abbreviations. 
 
The methyl substituent was chosen because it is isostructural to a 1-bpp analogue which has 
previously produced interesting SCO complexes.
[24]
 The isopropyl group was added in order 
to study the effects of increasing steric bulk at this position, however during the synthetic 
workup this proved troublesome as the white solid product was unexpectedly soluble in 
water, and could not be extracted into any organic solvent. Microanalysis also showed that 
its C, H and N values were significantly lower than expected, which was initially thought to 
be due to the presence of sodium iodide which is usually removed by washing with water. 
However, the reason for this behaviour is now thought to be that the ligand is able to form a 
stable six-coordinate complex with a sodium ion, increasing its water solubility and so 
making it difficult to isolate.
[25]
 The solution to this problem was to change the base used 
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from sodium methoxide to lithium hydride. As Li
+
 is smaller than Na
+
 it does not form 
complexes with such high stability and so does not become a problem during the workup.  
Allyl substituents were next chosen and they add additional functionality to the ligand; the 
allyl groups could potentially coordinate to another metal such as silver to create 
coordination polymers or, should their iron complexes prove interesting, they could be used 
as precursors towards additional functional groups. In this case allyl bromide was used 
instead of the iodide because it was more available and the reaction proceeded favourably. 
Benzyl bromide was also used to attach the benzyl appendages for the same reason and both 
of these reactions used lithium hydride as a base to avoid the problem of forming sodium 
complexes.  
Evidence for the formation of the desired products came from the proton NMR spectrum, 
which clearly shows the absence of the broad pyrazolyl NH peaks which usually come 
between 9 – 12 ppm, and are replaced by expected shifts for the distal substituents in both 
the 
1
H and 
13
C {
1
H} NMR spectra (Figure 2.2). Formation of the ligands was also confirmed 
by high resolution mass spectrometry, microanalysis and their expected structures were 
observed in the crystal structures of their subsequent iron complexes which are discussed in 
detail in Chapter 3.  
 
 
Figure 2.2 
1
H NMR spectrum of 2,6-di(1-methylpyrazol-3-yl)pyridine (L
1
) recorded at 500 MHz in CDCl3. 
 
Ha 
Hb Hc Hd 
He 
CHCl3 
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It would have been desirable to attach a phenyl group directly to the pyrazolyl NH 
functionality. This would prove difficult by the method described above as the sp
2
 
hybridised carbon in benzene is not reactive enough to undergo nucleophilic substitution 
unless there are electron withdrawing groups present on the ring. An attempt was made to 
obtain this ligand by replacing hydrazine in the pyrazole ring forming step with 
phenylhydrazine, although a mixture of products were obtained. HPLC-MS shows three 
separate peaks all of m/z = 364.2 corresponding to [MH]
+
 of the desired product (Figure 
2.3). It is suspected that these three peaks correspond to three possible structural isomers of 
2,6-di-(1-phenylpyrazol-3-yl)-pyridine which arise from the possibility of the 
phenylhydrazine to attack either ketone. This would give rise to two symmetric and one 
unsymmetric ligands and these are yet to be successfully isolated (Scheme 2.4). 
 
 
 
Figure 2.3 
HPLC-MS chromatogram of 2,6-di-(phenylpyrazol-3-yl)-pyridine attempt. Peaks 2, 3 and 4 
correspond to m/z 364.2 [MH]
+
. 
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Scheme 2.4 
Proposed mechanism of the initial step in the formation of 3 isomers of 2,6-di-(phenylpyrazol-3-yl)-
pyridine from the ring closing of 2,6-di[(N,N-dimethylamino)-1-oxoprop-2-en-1-yl]pyridine with 
phenylhydrazine. 
 
Scheme 2.4 shows that the initial step in the proposed mechanism is important in 
determining the different regiochemistry of these isomers. Note that the mechanism follows 
through a number of subsequent steps (not shown). These involve the formation of an imine 
and an enamine and all of these steps are reversible, meaning that each isomer must have a 
very similar thermodynamic stability.  
Another halide which was used for this reaction was 4-chloropyridine in an attempt to attach 
a 4-pyridyl group onto the pyrazolyl NH in a similar manner. Pyridines are much more 
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reactive towards nucleophilic substitution than benzene rings, but even so after 5 days reflux 
in tetrahydrofuran the mixture still contained a considerable amount of starting material.  
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2.3. 2,6-Di(5-amino-1H-pyrazol-3-yl)pyridine Derivatives 
 
As a first step towards creating 3-bpp derivatives with modifications which may have 
implications in a SCO complex we were interested in adding additional hydrogen 
donor/acceptor groups which would inherently be electron withdrawing, tuning the 
electronics of the ligand while possibly increasing cooperativity. One synthetically available 
ligand which meets all these requirements is 2,6-di(5-amino-1H-pyrazol-3-yl)pyridine (L
5
), 
since a procedure for its synthesis has quite recently been outlined in the literature.
[26]
 This 
method involves a Knoevenagel condensation using sodium hydride to deprotonate 
acetonitrile.
[27]
 The nucleophilic acetonitrile anion can then attack the carbonyl carbons on 
2,6-pyridine dicarboxylic methyl ester to produce 2,6-di-(3-oxo-3-propanenitrile)pyridine. 
This 3-oxo-3-propanenitrile functionality can then react with hydrazine to form the 
pyrazolyl rings which incorporate amino groups on the C5 position. It was difficult to obtain 
an accurate microanalysis for this product as the sample seemed to retain significant 
amounts of atmospheric water which caused fluctuations in the weight of the sample before 
combustion. This water was also seen to be removed during the melting point determination 
and is probably due to the increased hydrogen bonding nature of the compound. Evidence of 
the formation of the ligand came from the 
1
H NMR spectrum which is similar to that quoted 
in the literature. The ES
+
 mass spectrum also shows the expected peak at m/z 242.1 
Corresponding to [MH]
+
. 
 
2.3.1. Synthesis of Amides 
One obvious transformation of the L
5
 ligand is to react with an acid chloride to produce 
amides (Figure 2.4). The commercial availability of a wide range of acid chlorides makes 
this a synthetically simple route towards substituting larger groups at the pyrazolyl C5 
position. Initially attempts were made using acetyl chloride, trimethylacetyl chloride and 
benzoyl chloride. In the case of acetyl chloride the high reactivity of this acid chloride 
resulted in a mixture of products, one of which appeared to be a result of tetrasubstitution of 
the amino groups and the pyrazolyl NH groups, which was observed as a peak at m/z 410 in 
the HPLC-MS. The reactions with the less reactive trimethylacetyl chloride and benzoyl 
chloride however proceeded much more cleanly and L
6
 and L
7
 were obtained as their 
hydrochloride salts. The hydrochloride salts were then deprotonated using a biphasic 
saturated sodium carbonate solution/chloroform mixture to produce the desired ligands.
[28]
  
The successful synthesis of the tertbutyl amide ligand L
6
 was confirmed by the large singlet 
at 1.27 ppm in the 
1
H NMR which integrated at 18H, corresponding to the tertbutyl groups 
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and a peak at 175 ppm in the 
13
C {
1
H} NMR spectrum corresponding to the amide carbonyl 
group (Figure 2.5). The ES
+
 mass spectrum also showed the expected mass of m/z 432.2 
corresponding to the [MNa]
+
 ion. The formation of L
7
 was confirmed by the presence of an 
additional two triplets and one doublet between 7.5 – 8.1 ppm which integrated to 10H in 
total. The 
13
C {
1
H} NMR also showed a peak at 164.6 ppm which confirms the presence of 
the amide carbonyl function. The IR spectrum showed a very distinctive C=O stretching 
frequency at 1672 cm
-1
 and ν(N–H) has been shifted to a higher frequency of ~3400 cm-1, 
compared with a frequency of 3302 cm
-1
 for L
5
. In both these cases the hydrochloride salts 
and the ligands could only be distinguished from one another by CHN analysis which 
showed the absence of any chlorine and an increase in the C, H and N values confirming 
that the deprotonation was successful and had proceeded to completion. 
 
 
Figure 2.4 
Successfully synthesised 3-bpp ligands bearing amino and amide groups on the pyrazolyl C5 
position, and their abbreviations. 
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Figure 2.5 
1
H NMR spectrum of 2,6-di(5-{tertbutylamide}-1H-pyrazol-3-yl)pyridine (L
6
) recorded at 300 MHz 
in CDCl3. 
 
 
2.3.2. Synthesis of Thioureas 
Thioureas are another class of compounds which were thought to be obtainable from the 
amino ligand L
5
 by reaction with isothiocyanates (Scheme 2.5). Like the acid chlorides 
there are a wide range of commercially available isothiocyanates which could be used to 
introduce different substituents to the pyarazolyl C5 position. However it is the hydrogen 
bonding capabilities of thioureas that were interesting from a SCO perspective. 3-bpp 
derivatised with two thiourea groups at the pyrazolyl C5 positions will possess four 
additional hydrogen bond donors. While sulphur is considered a weaker hydrogen bond 
acceptor than N and O due to its lower electronegativity, it has been shown that sulphur is 
capable of forming multiple hydrogen bonds which may influence the morphology of any 
subsequent complexes.
[29]
 
As a starting point two equivalents of methyl isothiocyanate were heated at reflux in 
acetonitrile for 18 hours. After this time HPLC-MS of the crude mixture showed that some 
starting material was still present and so an excess of methyl isothiocyanate was added to 
complete the reaction, giving a white amorphous powder in 50 % yield. This was confirmed 
as the desired product, 2,6-di(5-{methylthiourea}-1H-pyrazol-3-yl)pyridine (L
8
), by CHN 
and S microanalysis, ES
+
 mass spectrum and NMR. The ES
+
 mass spectrum shows a peak at 
Hf 
Hc 
Hb 
Ha 
He Hd 
CHCl3 
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m/z 410.1 which correlates to the [MNa]
+
 adduct. 
1
H NMR shows a peak at 3.11 ppm which 
integrates for 6 H confirming the addition of the methyl groups, and 
13
C {
1
H} NMR shows a 
peak at 206.6 ppm confirming the presence of the C=S groups.  
 
 
Scheme 2.5 
Proposed mechanism for the formation of 2,6-di(5-{methylthiourea}-1H-pyrazol-3-yl)pyridine (L
8
). 
 
It was hoped that this synthetic procedure could be applied to a number of alkyl 
isothiocyanates to produce a number of novel 3-bpp derivatives. As the L
8
 proved to be 
sparingly soluble in most common solvents tertbutyl isothiocyanate was used in an attempt 
to make a more soluble thiourea. However numerous attempts at this reaction returned only 
starting material and could be due to the steric bulk or inductive effects of the tertbutyl 
group. The reaction was also attempted using cyclohexyl isothiocyanate and phenyl 
isothiocyanate though no products could be isolated in these cases. In a reaction using 
cyclohexyl isothiocyanate, after heating at reflux for 36 hours in acetonitrile HPLC-MS 
showed the presence of approximately 10 % of desired product with roughly equal amounts 
of starting material and monosubstituted product accounting for the remainder of the 
material.  
During an attempted complexation with iron tetrafluoroborate hexahydrate crystals of the 
ligand L
8
 were obtained after three months which were suitable for x-ray diffraction. 
However the structure obtained did not correspond to the expected structure. Instead of 
thiourea groups on the pyrazolyl C5 position the structure contained two methylthioamides 
on these positions, and the pyrazolyl NH groups had been methylated (Figure 2.6). The 
reaction mechanism for the formation of this product is not clear, but looks to have 
proceeded through some kind of rearrangement. This structure does not fit the 
1
H NMR 
obtained for L
8
 which clearly shows only one methyl environment integrating as 6 H, and 
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one would expect an additional peak at around 3.8 ppm corresponding to the methyl group 
on the pyrazolyl NH functionality. The 
1
H NMR spectrum also shows the presence of the 
pyrazolyl NH environments as a peak at 12.15 ppm. This suggests that the change that 
resulted in this structure is likely to have occurred during or in the months after the 
complexation reaction.  
The structure of L
8·C4H9NO·(C2H5)2O was collected in the orthorhombic space group Pnma 
(a = 13.9215(8); b = 29.2705(14); c = 8.1439(4) Å, α = β = γ = 90º, V = 3318.5(3) Å3) and 
the ligand lies on a C2 crystallographic axis which intersects the pyridine through N(4) and 
C(1). The angle between C(7)-C(11)-S(12) = 123.5(3)º and is a result of the steric contact 
between S(12) and the C(10) methyl group.  
 
 
Figure 2.6 
Obtained crystal structure of L
8·C4H9NO·(C2H5)2O. Thermal displacement ellipsoids are set at 50% 
probability and disordered solvent molecules have been omitted for clarity.  
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2.4. Substitution at the Pyrazolyl C5 Position 
Interest in substituting alkyl groups on the pyrazolyl C5 position stems from previous work 
which involved complexes containing the ligand 2,6-di-(5-methyl-1H-pyrazol-3-yl)-
pyridine (L
9
) giving systems exhibiting complex phase behaviour accompanied by an abrupt 
thermal hysteresis.
[30]
 These will be discussed in some detail in Chapter 5. The synthesis of 
L
9
 follows a similar method to that for unsubstituted 3-bpp, the only difference being that 
N,N-dimethylacetamide dimethylacetal was used instead of N,N-dimethylformamide 
dimethylacetal. This gave an intermediate which is predisposed to ring closure using 
hydrazine, except with methyl groups which are incorporated into the pyrazole rings 
(Scheme 2.6).  
 
 
Scheme 2.6 
Scheme showing the synthetic route towards 2,6-di-(5-methyl-1H-pyrazol-3-yl)-pyridine (L
9
). 
 
This procedure works very well with an overall yield of 53 %, with the first step being the 
lower yielding of the two. Despite this the procedure is very limited in terms of the range of 
the substituents that can be placed on the pyrazolyl C5 position, since other substituted N,N-
dimethylformamide dimethylacetal reagents are not available. One way around this is to 
react dimethyl 2,6-pyridinedicarboxylate with a ketone in the presence of a base in the 
manner previously shown in Scheme 2.3. As there are a vast array of ketones available this 
method can be applied to place a large number of substituents on the pyrazolyl C5 position. 
The base used for these reactions was usually sodium methoxide, and this was used in 
excess along with a small excess of the ketone.  
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2.4.1. Substitution with Alkyl Groups 
Initially ligands were synthesised which attempted to build on the success of L
9
 and 
investigate the effects of modifying the steric bulk and inductive effects on the resulting iron 
complexes. 2,6-Di(5-ethyl-1H-pyrazol-3-yl)pyridine (L
10
), 2,6-di(5-isopropyl-1H-pyrazol-
3-yl)pyridine (L
11
) and 2,6-di(5-tertbutyl-1H-pyrazol-3-yl)pyridine (L
12
) were all 
successfully synthesised via the method shown in Scheme 2.3 with yields ranging from 12 – 
64 % (Figure 2.7). In these cases using sodium methoxide as a base in the diketone 
formation gave good results, with only minimal byproducts resulting from reaction on only 
one side of the dimethyl 2,6-pyridinedicarboxylate starting material. 
 
 
Figure 2.7 
Structures of some successfully synthesised 3-bpp derivatives bearing substituents on the pyrazolyl 
C5 position. 
 
Evidence for the formation of these ligands should come from a broad signal at around 12 
ppm, however in the case of L
10
 and L
12
 this signal was lost due to exchange with the 
deuterium in the NMR solvent and is quite common for these ligands. More characteristic 
were the signals for the alkyl appendages which integrated correctly and had very distinct 
splitting patterns. The spectrum of L
10
 has one quartet and one triplet at 2.50 and 1.06 ppm 
respectively, corresponding to the ethyl groups. The spectrum of L
11
 shows two separate 
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singlets at 1.28 and 1.30 ppm each equating to 6 H and which correspond to the isopropyl 
CH3 groups. In addition to this was the very distinctive septuplet arising from the isopropyl 
CH which was coupling to the two methyl groups and integrated to 2 H. L
12
 simply showed 
a large singlet integrating to 18 H and corresponded to two tertbutyl groups. Another 
indication to the success of these reactions was the singlet peak for the pyrazolyl CH group 
between 6 – 7 ppm which is indicative of substitution at the pyrazolyl C5 position.  
ES
+
 mass spectra of these ligands also showed the expected mass; L
10
 was observed as the 
sodium adduct [MNa]
+
 at m/z 290.1, L
11
 as the protonated cation at m/z 296.2 and L
12
 as the 
protonated cation [M]
+
 at m/z 324.2. Good CHN values determined via microanalysis were 
obtained for L
11
 and L
12
 but a good value for L
10
 could not be obtained. This could be a 
result of the fact that this ligand did not crystallise out when the solvent was evaporated to 
leave a dry white solid, but instead formed a viscous liquid which needed to be dried 
thoroughly under high vacuum. When this occurs with these ligands it has been noted that it 
can be more difficult to obtain high purity samples, however it may still be suitable for 
forming iron complexes.  
In all these cases the intermediate diketone was isolated and analysis obtained. In general it 
was found to be easier to purify these ligands after the formation of the pyrazolyl rings so 
purication of the diketones at this stage was not considered to be essential. The key features 
of the 
1
H NMR spectra of these intermediates were very similar to those mentioned above 
with the main difference being the absence of the pyrazolyl NH (dependant on deuterium 
exchange) and the integration of the CH2 group of the diketone. This region often appeared 
quite messy in the spectra, however instead of impurities this is likely to be caused by the 
existence of resonance structures (Scheme 2.7). 
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Scheme 2.7 
Possible resonance structures responsible for the complications in the 
1
H NMR spectra of the 
diketone intermediates.  
 
 
2.4.2. Substitution with Pyridine 
This method was utilised in an attempt to synthesise a 3-bpp ligand with 4-pyridyl groups 
on the pyrazolyl C5 position, which was eventually successful. The resulting ligand was of 
particular interest because in addition to potential π-stacking interactions and additional 
hydrogen bond acceptors it is also conceivable that iron complexes of this ligand could form 
multi-dimensional coordination polymers.  
The synthetic procedure for this ligand is identical to the method described for the alkyl 
substitution proceeding via the diketone intermediate. In this case the ketone reagent used 
was 4-acetylpyridine and sodium hydride was used as a base. It was found that using 
sodium methoxide gave mainly starting material and a product which had only reacted on 
one side. For this ligand the ring closing step had to be refined; it was found that the 
reaction didn’t proceed to completion when using just ethanol as a solvent. The reason for 
this was thought to be the pyridine rings making the solution slightly basic, which isn’t 
favourable for the acid catalysed ring closure with hydrazine. The solution to this was to use 
a 7:3 mixture of ethanol/acetic acid as a solvent for the reaction, which resulted in the clean, 
quantitative formation of the product at room temperature and worked so efficiently that it 
was adopted as the standard procedure for the pyrazole ring formation. This produced 2,6-
di(5-{4-pyridyl}-1H-pyrazol-3-yl)pyridine (L
13
) as light orange microcrystals.  
The ES
+
 mass spectrum for L
13
 showed a peak with m/z of 366.2 for the protonated cation, 
compared with the protonated cation [M]
+
 of the ketone intermediate which had an m/z of 
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374.1, confirming pyrazole ring formation. The distinguishing features in the 
1
H NMR for 
L
13
 are the two doublets at 7.85 and 8.55 ppm each integrating to 4 H and correspond to the 
two environments on the pyridyl appendages (Figure 2.8). The central pyridine consists of 
two hydrogen environments; a doublet at 7.74 ppm integrating to 2 H and a triplet at 7.90 
ppm which integrates to 1 H. The 
13
C NMR shows seven peaks which were assigned with 
the aid of a HMQC spectrum. The two missing peaks could not be found in the spectrum; 
the NMR sample was either too weak due to the low solubility of the ligand or the peaks are 
hidden amongst stronger signals.  
 
Figure 2.8 
1
H NMR spectrum of L
13
 recorded at 500 MHz in CD3OD. 
 
 
2.4.3. Asymmetric Substitution 
In the synthesis of the diketone it was noted that unless an excess of ketone and base was 
used the resulting mixture contained significant amounts of a by-product where only one 
side of the dimethyl 2,6-pyridinedicarboxylate had reacted. If the ratio of 
dicarboxylate/ketone/base were reduced to 1:1:1 and the mixture heated at 60ºC in toluene 
for 8 hours then this by-product became the major product. This crude product could then be 
reacted again by the same method, but if a different ketone was used the resulting ligand 
would possess different groups on each pyrazolyl group. 
 
Ha 
Hb 
Hc Hd He 
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Scheme 2.8 
Synthetic routes towards 2-(5-tertbutyl-1H-pyrazol-3-yl)-6-(5-methyl-1H-pyrazol-3-yl)-pyridine 
(L
14
) and 5-[6-(5-tertbutyl-1H-pyrazol-3-yl)-pyridin-2-yl]-2H-pyrazol-3-ylamine (L
15
). 
 
A number of different combinations of substituents were used but only 2-(5-tertbutyl-1H-
pyrazol-3-yl)-6-(5-methyl-1H-pyrazol-3-yl)-pyridine (L
14
) and 5-[6-(5-tertbutyl-1H-
pyrazol-3-yl)-pyridin-2-yl]-2H-pyrazol-3-ylamine (L
15
) were obtained in sufficient purity 
and yield (Scheme 2.8). Once the reaction was found to work the two steps to make the 
asymmetric diketone were done in a one pot reaction; the mixture was heated with 
pinacolone and sodium methoxide and after 10 hours the next reagent and more base was 
added. The crude diketones were reacted with hydrazine without further purification and the 
high solubility of L
12
, in this case the by-product, allowed the crude product to be purified 
simply by washing with diethyl ether.  
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Confirmation for the successful synthesis of these ligands came from the 
1
H and 
13
C NMR 
spectra, ES
+
 mass spectrometry and microanalysis. The 
1
H NMR spectra show that the 
hydrogen environments on the two pyrazolyl C4 positions and the pyridyl C4, C5 positions 
are no longer equivalent, due to each having a different group on the pyrazolyl C5 position 
(Figure 2.9). In both L
14
 and L
15
 the integrals match up perfectly with those expected for the 
desired products, and in L
15
 the amino NH is only just seen as a low and very broad peak at 
around 5 ppm. 
 
 
Figure 2.9 
1
H NMR spectrum of L
14
 recorded at 300 MHz in CDCl3. 
 
Numerous attempts were made to make a ligand bearing a tertbutyl group on one pyrazolyl 
C5 and a 4-pyridyl group on the other using this method. However in all these cases a turbid 
red oil was obtained which HPLC-MS indicated was a mixture of products, including what 
could be the desired product and significant amounts of the symmetric tertbutyl substituted 
ligand. The successful isolation of the desired product was not achieved. 
  
CHCl3 
Hb 
Hf 
Hc He 
Hd 
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2.5. Substitution at the Pyridyl C4 Position  
As previously mentioned the range of substituted 1-bpp ligands is far greater than that of 
substituted 3-bpp and one position of interest is the pyridyl C4 position. In addition to 
providing further means of tuning the sterics and electronics of the ligand, substitution at the 
pyridyl C4 also provides potential to link ligands together and attach them to surfaces, a 
property which could be useful for any potential applications.
[31-33]
 While there are a limited 
number of examples of substitution at the pyridyl C4 position of 3-bpp these are mainly in 
ruthenium dye sensitisers and actinide extractor systems and there are no examples of SCO 
complexes made with these ligands.
[34-36]
 Therefore it was in our interest to devise the most 
effective synthesis for 3-bpp ligands substituted in this position and attempt to rationalise 
the effects certain modifications to this position have on the properties of a SCO complex.  
One particular group which was desirable at the pyridyl C4 position was a halide as there 
are a large number of reactions which could be used to interconvert this group, including 
cross coupling reactions to introduce more complex groups. From a halide it is also quite 
simple to convert to a thiol which would offer means for attachment to gold surfaces.
[37, 38]
 
The first route attempted involved a similar process to that shown in Scheme 2.3 which 
involved making the diketone. Firstly 4-chloro-pyridine-2,6-dicarboxylic acid diethyl ester 
was made by reacting chelidamic acid with phosphorous pentachloride and quenching the 
mixture with ethanol.
[39]
 This method was later replaced by one which uses thionyl chloride 
in place of phosphorous pentachloride.
[40]
 This produced an ester which was then reacted 
with acetone in the presence of sodium methoxide to give the diketone, which was then 
reacted with hydrazine. However the white solid obtained after the hydrazine addition 
proved to be very insoluble forming a gel in dimethylsulphoxide. It is suspected that the 
chloro group has reacted under the reaction conditions to make a polymer but due to its 
insolubility analysis has been very limited. Because the chloro group is so reactive it was 
thought this route may be more successful if the chlorination of the hydroxyl group on 
chelidamic acid were performed after the pyrazole ring formation step. The reaction of 
chelidamic acid with acetone in the presence of base did not produce the desired diketone, 
however. An attempted conversion of the ester groups to acetyl groups to facilitate a 
reaction with N,N-dimethylformamide dimethylacetal also affected the chloro group.
[41]
  
Next the carboxylic acid groups on chelidamic acid were esterified to make them better 
leaving groups and the resulting ester was reacted with acetone in the presence of base, but 
this reaction was again unsuccessful. The exact reason for this is unknown but it was 
thought that the hydroxyl group on the pyridyl C4 position must have some involvement. 
With this in mind the next step was to protect the hydroxyl group using a benzyl ether which 
is stable in the basic conditions needed for the reaction with acetone but can later be 
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removed by heating in strongly acidic conditions.
[42]
 Unfortunately this route also led to a 
mixture and HPLC-MS did not show the expected mass for the desired product. These 
routes are summarised below in Scheme 2.9. 
 
 
Scheme 2.9 
Routes attempted from chelidamic acid. Reagents: (i) SOCl2, EtOH; (ii) (CH3)2CO, NaOMe; (iii) 
SOCl2, pyrrolidine; (iv) 2 equiv. MeMgBr; (vi) BzBr, K2CO3. 
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After numerous attempts at the reactions shown in Scheme 2.9 the routes using chelidamic 
acid as a starting material were abandoned in favour of directly attaching a pyrazole moiety 
to 2,6-dichloro-4-aminopyridine. This was done by first protecting the pyrazolyl NH group 
with dimethylsulphamoyl chloride and then lithiating at the pyrazolyl C5 position. This 
lithiated pyrazole was initially reacted directly with 2,6-difluoro-4-methoxypyridine, and 
once this was found not to work the lithiated pyrazole was converted to a boronate and 
attached to 2,6-dichloro-4-aminopyridine via a double Suzuki coupling. It was discovered 
that the lithiation of the pyrazole was not regioselective and a mixture of products was 
observed on a TLC of the subsequent boronate. This problem was overcome by changing 
the protecting group to tetrahydropyranyl, which directs the lithium to the adjacent carbon 
(Scheme 2.10), and the success of this method was confirmed in the 
1
H NMR spectrum.
[43]
 
Mass spectrometry also showed that the pyrazole had only been lithiated once.  
 
 
Scheme 2.10 
The synthetic route towards 2,6-di-(1H-pyrazol-3-yl)-pyridin-4-ylamine (L
16
). Reagents: (i) THP, 
TFA; (ii) Li
n
Bu, B(O
i
Pr)3, pinacol; (iii) K3PO4, Pd(dba)2, PCy3·HBF4; (iv) H
+
. 
 
HPLC-MS of the crude mixture after the Suzuki coupling showed ~70% of the desired 
product had formed. Problems occurred when attempting to isolate this product as its’ 
interaction with silica was unexpectedly strong and the material could only be removed 
from the column by a mixture of water/dichloromethane/methanol (2:2:6) which also eluted 
any impurities. There were also problems in the deprotecting step as HPLC-MS showed that 
only one of the tetrahydropyran groups was removed, even on increasing the temperature. It 
was thought that this might be the result of some kind of equilibrium, so the reaction was set 
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up again in methanol using either trifluoroacetic acid or hydrochloric acid and a layer of 
pentane was placed on top. The intention was that when the pyrazole was deprotected some 
of the free tetrahydropyran would move into the layer of pentane, removing it from the 
reaction and shifting the equilibrium favourably in the direction of deprotection. This 
improved the reaction and allowed 2,6-di(1H-pyrazol-3-yl)-pyridin-4-ylamine (L
16
) to be 
isolated as a pale yellow solid, though in poor yield. Its formation was confirmed by ES
+
 
mass spectrum and NMR spectra. Nonetheless this allowed for the formation of an iron 
complex and an attempt at modifying the amine at the pyridyl C4 position. 
With a small sample of L
16
 an attempt was made to brominate at the pyridyl C4 position 
using a method previously described by Kershaw Cook to brominate 1-bpp derivatives at 
the pyridyl C4 site.
[44]
 This method involved diazotisation at the amine followed by 
substitution with bromide (Scheme 2.11). No clean product could be isolated from the 
reaction mixture and HPLC-MS showed that the residue was a mixture of materials with the 
major peak belonging to the starting material. It is believed that this procedure could be 
modified to produce the desired product, and also that of the chloride, however because L
16
 
was produced in such poor yields this synthetic pathway could not be investigated further. 
Therefore further efforts would have to be made to find a high yielding synthetic route 
towards L
16
 which would allow additional examination into this modification.  
 
 
Scheme 2.11 
Attempt to brominate the pyridyl C4 position of L
16
. Reagents: (i) NaNO2, KBr, HBr. 
 
During the attempts at purifying the products of the Suzuki coupling via column 
chromatography it was noticed that sometimes another product could be isolated where the 
coupling reaction had occurred on only one side. This was confirmed by ES
+
 mass 
spectrometry, microanalysis and the integrals on the 
1
H NMR, which clearly corresponded 
to the number of hydrogens in each environment for the monosubstituted product. The 
1
H 
NMR spectra below 3 ppm is complicated by the equatorial and axial hydrogen 
environments in tetrahydropyran, and the 
13
C{
1
H} NMR was assigned with the aid of a 
HMQC spectrum (Figure 2.10). The ES
+
 mass spectrum shows peaks at m/z 279.1, 280.1 
and 281.1 corresponding to [MH]
+
 and show the isotopic pattern expected of a compound 
containing one equivalent of chlorine (Figure 2.11). 
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Figure 2.10 
1
H NMR spectrum of 2-Chloro-6-[2-(tetrahydro-pyran-2-yl)-2H-pyrazol-3-yl]-pyridin-4-ylamine 
recorded at 300 MHz in CDCl3. 
 
 
Figure 2.11 
ES
+
 mass spectrum of 2-Chloro-6-[2-(tetrahydro-pyran-2-yl)-2H-pyrazol-3-yl]-pyridin-4-ylamine 
showing the isotope pattern. 
 
This product was of particular interest because it made available pathways to an asymmetric 
ligand. An attempt was made at substituting the remaining chloride with 1H-pyrazole in 
order to obtain a ligand which has both 1-pyrazolyl and 5-pyrazolyl rings (Scheme 2.12). 
This was attempted by deprotonating 1H-pyrazole with sodium hydride and heating at 
110ºC for 5 days in a similar manner to the synthesis of 1-bpp shown in Scheme 2.1. This 
however was unsuccessful and insufficient material was collected to allow additional 
attempts.  
Hh, Hi 
Hg(eq.) 
Hh 
Hh(ax.) Hj(ax.) Hj(eq.) 
Hb 
Hf 
Ha 
Hc 
Hd 
He 
CHCl3 
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Scheme 2.12 
Proposed synthetic procedure for 2-pyrazol-1-yl-6-(1H-pyrazol-3-yl)-pyridin-4-ylamine. Reagents: 
(i) NaH, 1H-pyrazole; (ii) H
+
. 
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2.6. Halogenation of the Pyrazolyl C4 Position 
Previously in the group methods were investigated which allowed 1-bpp to be substituted on 
the pyrazolyl C4 positions to give 2,6-di(4-halopyrazolyl)pyridines.
[45]
 As these methods 
were post synthetic modifications to the 1-bpp structure we were interested in investigating 
whether these methods could be applied to the 3-bpp isomer to tune the electronics and 
sterics or introduce additional functionality.  
2,6-Di-(4-chloro-1H-pyrazol-3-yl)-pyridine (L
17
) was synthesised by the literature method 
used for the 1-bpp chlorination, without any modification.
[45]
 This involved reaction with 
sodium hypochlorite in acetic acid solution at room temperature and afforded a pale yellow 
solid. This was confirmed as the desired product by CHN analysis which showed the 
presence of 2 equivalents of chlorine and by 
1
H NMR. The key changes in the 
1
H NMR 
spectrum was the absence of the two doublets corresponding to the two pyrazolyl hydrogen 
environments and instead shows only one singlet corresponding to the pyrazolyl C5 position 
(Figure 2.12). ES
+
 mass spectrometry did not pick up the expected M
+
 peak but this 
technique does not always work for some 3-bpp derivatives and even unsubstituted 3-bpp 
requires EI
+
 mass spectrometry in order to observe M
+
. The ligand structure was also seen 
in the crystal structures of subsequent complexes. 
 
 
Figure 2.12 
1
H NMR spectrum of 2,6-di-(4-chloro-1H-pyrazol-3-yl)-pyridine (L
17
) taken at 500 MHz in 
(CD3)2SO. 
Ha 
Hb 
Hc 
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2,6-Di-(4-bromo-1H-pyrazol-3-yl)-pyridine (L
18
) was also synthesised by heating 3-bpp 
with N-bromosuccinimide. This formed a white precipitate which was insoluble in most 
common solvents. Due to this insolubility the NMR obtained were weak but the 
1
H NMR 
showed broadened peaks in a similar pattern to those shown for L
17
 in Figure 2.12, as well 
as an additional broad peak just below 14 ppm corresponding to the pyrazolyl NH groups, 
showing that they remained intact. These were not seen in the spectrum of L
17
, probably due 
to deuterium exchange with the solvent. L
18
 was also observed in the ES
+
 mass spectrum as 
a peak at m/z 369.9 which corresponds to [M]
+
, and also shows the isotope pattern expected 
for a species containing two bromine atoms. This ligand was also observed in the crystal 
structures of subsequent iron complexes.  
A further reaction was attempted on L
18
 which involved a Suzuki coupling with 4-biphenyl 
boronic acid using the same conditions as those used when synthesising L
16
 (Scheme 2.13). 
However HPLC-MS of the crude mixture indicated that no coupling had occurred and 
returned only the starting material L
18
. This could be due to this position on the pyrazole 
being in close contact with the pyridine and thus making it difficult for a large biphenyl 
group to substitute the bromine. Results of this steric effect can be seen in the conformation 
of the ligand in the crystal structure of its iron complex, which will be discussed in more 
detail in a Chapter 4.  
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Scheme 2.13 
Routes towards substitution at the pyrazolyl C4 position. Reagents: (i) NaClO, AcOH; (ii) NBS; (iii) 
K3PO4, Pd(dba)2, PCy3·HBF4.  
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2.7. Conclusions 
In total sixteen novel 3-bpp ligands have been successfully synthesised in sufficient yield 
and purity to allow iron and ruthenium complexes to be made. These are summarised in 
Figure 2.13 and Table 2.1. The facile reaction of 3-bpp with alkyl halides forms N1 
substituted ligands in 24-51% yields and good purity however did not work using halides at 
sp
2
 centres such as bromobenzenes and bromopyridines.  
Reaction of L
5
 with acid chlorides and isothiocyanates worked reasonably well and in 
moderate to high yields, although the overall yield was stunted by the low yielding synthesis 
of L
5
 (of which the first step is the lower yielding). 
Synthesis of derivatives via the route involving formation of a diketone (L
10-15
) produced 
comparatively high yields due to the procedure being only a two step process. Care did have 
to be taken however to ensure that the reaction was driven to completion in the formation of 
the diketones but this aspect of the reaction worked as an advantage in the synthesis of the 
asymmetric ligands.  
A considerable amount of time was spent on devising a high yielding pathway to a 3-bpp 
ligand substituted with a halogen on the pyridyl C4 position. This would have opened up 
potential to further derivatise using a number of reactions including Suzuki couplings. The 
reaction pathways which began with chelidamic acid were becoming long and cumbersome 
and so the preferred route was a double Suzuki coupling of protected pyrazole 
triisopropylborates with 2,6-dichloro-4-aminopyridine which would have been only a three 
step process towards 4-halo 3-bpp (not including synthesis of the pyrazole 
triisopropylborate). However there were problems with the removal of the tetrahydropyranyl 
protecting group which led to poor yields making a number of further reactions impractical.  
Finally two further ligands were synthesised by halogenating the pyrazolyl C4 positions. 
Formation of the bromo ligands occurred in 54% yield, whereas the chloro ligand formation 
only occurred in 27% yield. There is potential to further modify these groups, however an 
attempted Suzuki coupling using L
18
 proved unsuccessful.  
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Figure 2.13 
The ligands used in this work. All are novel at the time of writing with the exception of L
5 [26]
 and L
9 
[30]
.  
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Table 2.1 
Comparison of overall yields of synthesised 3-bpp ligands with reference to Figure 2.14. 
 
 
Figure 2.14 
Substitution positions of 3-bpp. 
  
Compound R
1
R
2
R
3
R
4
R
5 % Yield
L
1 Me H H H H 26.4
L
2 i
Pr H H H H 51.6
L
3 All H H H H 29.0
L
4 Bz H H H H 24.3
L
5 H NH2 NH2 H H 19.7
L
6 H NHCO
t
Bu NHCO
t
Bu H H 10.4
L
7 H NHCOBz NHCOBz H H 16.0
L
8 H NHCSNHMe NHCSNHMe H H 9.8
L
9 H Me Me H H 53.3
L
10 H Et Et H H 42.2
L
11 H iPr
i
Pr H H 41.6
L
12 H tBu
t
Bu H H 48.7
L
13 H Py Py H H 15.6
L
14 H tBu Me H H 19.2
L
15 H tBu NH2 H H 43.9
L
16 H H H NH2 H 6.9
L
17 H H H H Cl 14.7
L
18 H H H H Br 29.1
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Iron(II) Complexes of  
2,6-Di(1-alkylpyrazol-3-yl)pyridine Derivatives 
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3.1. Introduction 
This chapter is concerned with novel iron(II) complexes of 2,6-di(1-alkylpyrazol-3-
yl)pyridine derivatives, whose synthesis has previously been described. Modification of the 
corresponding distal substituents on 1-bpp (at the pyrazolyl C3 position) has been shown to 
have a steric influence on the coordination geometries of Cu complexes.
[1-3]
 The inductive 
effects of the distal substituents have also been shown to greatly influence the donor 
strength of the ligand, with the 2,4,6-trimethylphenyl (Mes) group increasing donor strength 
and isopropyl (
i
Pr) groups decreasing the donor strength.
[4]
 The iron(II) complexes of the 
same substituted 1-bpp ligands have also been investigated with regards to SCO activity 
both in the solid state and in solution, showing that 
i
Pr and phenyl (Ph) groups afford 
complexes which are HS between 180-300 K in solution, and Mes substituents give 
complexes which remain LS in solution.
[5]
 The absence of lattice constraints in solution 
means that these effects are probably due to the inductive effects of these substituents 
(Figure 3.1).  
 
 
Figure 3.1 
Examples of 1-bpp ligands bearing distal substituents. (i) 2,6-di(1-methylpyrazol-3-yl)pyridine, (ii) 
2,6-di(1-isopropylpyrazol-3-yl)pyridine, (iii) 2,6-di(1-phenylpyrazol-3-yl)pyridine, (iv) 2,6-di-{3-
[2,4,6-trimethylphenyl]pyrazol-1-yl}pyridine and (v) 2,6-di(3-methylpyrazol-1-yl)pyrazine. 
 
Chapter 3 
 
73 
 
Iron(II) complexes of these substituted 1-bpp derivatives can also exhibit interesting SCO 
properties. One example uses the ligand 2,6-di-(3-methyl-pyrazol-1-yl)pyridine (Figure 3.1 
(i)) whose iron(II) complex exhibits spin state behaviour that is anion dependent and 
sensitive to solvation. The hydrated tetrafluoroborate salt of this ligand undergoes two 
hysteretic transitions, the first centred around 147 K and the second an incomplete transition 
centred around 105 K. This second transition was shown to be kinetically slow below 130 K 
and the fully LS state was achieved by rapid cooling to and annealing at 100 K for two 
hours.
[6]
 In contrast the perchlorate salt of this complex shows a very gradual ST centred at 
around 267 K which was attributed to the lack of cooperativity in the lattice due to the 
structural similarity of the HS and LS phases.
[7]
 Interestingly the hexafluorophosphate and 
hexafluoroantimonate salts of the same complex remain fully HS between 5-300 K 
reflecting conformational strain arising from an intermolecular steric contact between 
adjacent molecules.
[8, 9]
 This creates a distortion in the coordination sphere that favours the 
HS state and creates a high kinetic energy barrier for conversion to the LS state.  
An unusual ST is also observed for complex salts of the isosteric ligand 2,6-di(3-
methylpyrazol-1-yl)pyrazine (Figure 3.1 (v)) which show a two stage transition, the first of 
which is quite abrupt while the second is gradual (Figure 3.2).
[10]
 ST’s of this type can be 
caused by the existence of inequivalent iron centres responsible for each transition, 
crystallographic phase changes or local ordering of spin states caused by intra and 
intermolecular forces. In this case the two step transition was attributed to an ordering of the 
anions at the temperature that the gradient of the ST changes.
[11]
 While 2,6-di(3-
methylpyrazol-1-yl)pyrazine is sterically very similar to 2,6-di(1-methylpyrazol-3-
yl)pyridine, it differs in both donor strength and its ability to form hydrogen bonds through 
the non-coordinating pyrazine N4 position, which could have implications for SCO 
complexes both in the solid state and in solution. 
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Figure 3.2 
χMT vs T curve of [FeL2](ClO4)2 where L = 2,6-di(3-methylpyrazol-1-yl)pyrazine. Taken from Elhaik 
et al.
[10]
 Copyright the Royal Society of Chemistry. 
 
In contrast to [Fe(1-bpp)2](BF4)2, the corresponding complex [Fe(3-bpp)2](BF4)2 has a 
significantly lower transition temperature in the solid state, centred around 178 K but a 
wider hysteresis of 10 K. This was also the first compound to exhibit the LIESST effect 
generating a metastable high spin state at temperatures as high as 80 K.
[12]
 The complex also 
exhibits a spin-state trapping effect when rapidly cooled, due to the same slow rate of 
conversion from the quintet high spin state to the singlet low spin state.
[13]
 As a result of 
this, much research has gone into investigating the LIESST properties of these 
complexes.
[12, 14-18]
 One major difference between the two isomers 1-bpp and 3-bpp are the 
pyrazolyl NH groups in 3-bpp, which are capable of forming hydrogen bonds to solvent 
molecules in the crystal lattice and in solution. Both of these factors have been shown to 
affect SCO.
[19, 20]
 However on addition of distal substituents to the 3-bpp ligand these 
hydrogen bond donors are removed, as these substituted ligands are structurally and 
electronically very similar to their 1-bpp counterparts one would expect their resulting iron 
complexes to behave in a similar manner.  
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Figure 3.3 
Ligands discussed in this chapter. 2,6-di(1-methylpyrazol-3-yl)pyridine (L
1
), 2,6-di(1-
isopropylpyrazol-3-yl)pyridine (L
2
), 2,6-di(1-allylpyrazol-3-yl)pyridine (L
3
) and 2,6-di(1-
benzylpyrazol-3-yl)pyridine (L
4
). 
 
Table 3.1 
The complexes discussed in this chapter and their abbreviations. The nature of the anion, X, and any 
solvation are specified throughout. 
Complex Abbreviation 
[Fe(L
1
)2](X)2 1(X)2 
[Fe(L
2
)2](X)2 2(X)2 
[Fe(L
3
)2](X)2 3(X)2 
[Fe(L
4
)2](X)2 4(X)2 
 
To investigate this a series of novel iron(II) complexes were synthesised using the ligands 
2,6-di(1-methylpyrazol-3-yl)pyridine (L
1
), 2,6-di(1-isopropylpyrazol-3-yl)pyridine (L
2
), 
2,6-di(1-allylpyrazol-3-yl)pyridine (L
3
) and 2,6-di(1-benzylpyrazol-3-yl)pyridine (L
4
) 
(Figure 3.3), whose synthesis has been described previously in Chapter 2. The resulting 
complexes were then subjected to crystallographic study and magnetic measurements in 
order to illustrate any similarities or differences to their comparable 1-bpp analogues with 
any differences being rationalised with regards to structure/function relationships.  
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3.2. Iron(II) Complexes of L1 (1(X)2) 
The ligand L
1
 was synthesised as previously described and was then used to make the 
tetrafluoroborate, perchlorate and hexafluorophosphate salts of [Fe(L
1
)2]
2+
, which were all 
recrystallised from methanol/diethyl ether to give bright yellow microcrystalline solids. 
Crystals suitable for single crystal x-ray diffraction were obtained of all three salts via slow 
vapour diffusion of diethyl ether into their methanol solutions. It was important that single 
crystals were obtained from the same solvents as the bulk powder samples, as different 
solvate structures can greatly affect SCO properties.
[21]
 In this way it was hoped that any 
measurements taken on the bulk microcrystalline phase would be representative of the 
structures elucidated via x-ray crystallography. 
 
 
3.2.1. 1(BF4)2·H2O 
Yellow crystals of 1(BF4)2·H2O were obtained via slow vapour diffusion of diethyl ether 
into a methanol solution 1(BF4)2. An x-ray crystal structure of 1(BF4)2H2O was obtained at 
150 K in the monoclinic space group C2/c (a = 17.1632(16); b = 20.9906(19); c = 
19.1771(17) Å, α = 90º, β = 96.605(5)º, γ = 90º, V = 6863.0(11) Å3). The unit cell consists 
of two inequivalent half complex molecules, two anions and disordered water giving the 
formula 1(BF4)2·xH2O (Figure 3.4). The asymmetric unit contains two crystallographically 
distinct BF4
-
 anions which are disordered over two positions with occupancy ratios of 0.6 : 
0.4, and additional electron density which was assigned as a water molecule is disordered 
over three positions with their total occupancy being equal to 1 (Figure 3.4). Both cation 
molecules span the C2 rotoinversion axis 0, y, 1/4  which intersects the iron centre. With 
Fe1B, this rotation axis runs along the PyN‒Fe‒Npy bonds, whereas with Fe(1A) the axis 
intersects along the equatorial xy plane of the molecule directly in-between the Fe‒N bonds.  
The cation molecules are related via a two-fold screw axis at 1/4, y, 1/4 which runs down 
the length of the b crystallographic axis (Figure 3.5). Adjacent [1]
2+
 cations do not appear to 
be in close contact with one another, but are separated by a layer of BF4
-
 anions (Figure 3.6).  
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Figure 3.4 
Crystal structure of 1(BF4)2·H2O at 150 K. Thermal ellipsoids are set at 50 % probability and 
hydrogen atoms have been omitted for clarity. 
 
Fe(1A) 
Fe(1B) 
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Figure 3.5 
View down the c axis of 1(BF4)2·H2O. 
 
This complex does not have the capability to form hydrogen bonds, however there are close 
interactions where the distances between adjacent atoms is smaller than the sum of their 
Van der Waals radii (Figure 3.6) These kinds of steric conflicts usually give highly ordered 
structures which have been suggested to hinder a spin transition in the solid state.
[22]
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Figure 3.6 
View down the a axis of 1(BF4)2·H2O showing close contacts between complex molecules and anions 
(green dotted lines). 
 
Table 3.2 
Selected bond lengths and geometric parameters for the two distinct iron centres in 1(BF4)2·H2O.  
a
 Atom coordinates lie on a crystallographic axis so no associated ESD. 
 
 
On closer inspection of the iron coordination spheres it appears that the two inequivalent 
iron centres are in different spin states. The main indication for this is the difference in their 
Fe‒N bond lengths and deviations from an ideal octahedral geometry (Table 3.2). The 
nature of these distortions are discussed in detail in Chapter 1. As a comparison typical 
Fe(1A) Fe(1B)
Fe-PyN (Å) 1.961(4) 2.0445(6)
Fe-PzN (Å) 2.021(4) 2.0905(4)
α(°) 157.59(19) 154.4(3)
θ(°) 86.836(6) 86.27(7)
φ(°) 180
a 178.6(3)
Σ(°) 98.24 113.66
Θ(°) 351.30 348.78
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values for the pyrazole Fe‒N bond lengths in a high spin and low spin complex are 2.16 
Å
[23]
 and 1.97 Å
[24]
 respectively. 
The θ and ϕ angles are both close to 90º and 180º respectively which shows that both iron 
centres have geometry not too distorted from the ideal D2h octahedral symmetry. However 
the Σ and Θ parameters are similar for both iron centres and in between those of high and 
low spin [Fe(1-bpp)2](BF4)2.
[25]
 
The Fe‒N bond lengths in this structure suggest that the two Fe centres have different spin 
state populations, therefore this is a good candidate for SCO in the solid state. The χMT vs T 
was recorded by a DC SQUID magnetometer in a field of 5 kG and it shows that contrary to 
the crystal data that the complex remains fully high spin over the entire temperature range 
(Figure 3.7). The exponential drop-off in χMT below 50 K is due to the zero field splitting 
(ZFS). This is a Zeeman effect which occurs in systems where S ≥ 1 and is a result of the 
interaction of spins through spin-orbit coupling. The Zeeman effect causes a splitting of S 
into ms of different energies depending on their relative orientations to the magnetic field. 
This has a pronounced effect at very low temperatures where kBT < ΔEms, the difference in 
energy of the ms states, at which point the population of states becomes unequal. Therefore 
at low temperatures the lowest energy state of ms will become solely occupied, leading to a 
dramatic reduction in the value for χMT.
[26]
 The value of χMT from 75-300 K is around 3.8 
cm
3
 mol
-1
 K, which is quite typical of a high spin iron(II) complex.
[24]
 
 
 
Figure 3.7 
χMT vs T  curve of 1(BF4)2·H2O. Recorded at a scan rate of 2 K min
-1
 in settle mode. 
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This discrepancy between the crystal structure and the bulk sample could be due to them 
being different solvates. The thermogravimetric analysis shows that no solvent is lost from 
the bulk powder up to around 250 ºC, at which point the sample begins to lose mass as it 
thermally decomposes (Figure 3.8). Hence, the water of crystallisation that is apparent in the 
crystalline sample is not present in the bulk material. The residue left is 12.43 % of the 
starting mass of the sample corresponding to the thermal degradation products. This shows 
that even though the two samples were obtained from the same solvents (methanol/diethyl 
ether) they have a different solvent content, and so are possibly different polymorphs which 
show different properties. In order to confirm this an x-ray powder pattern was recorded 
from the SQUID sample and compared to a powder pattern simulated from the single crystal 
data. By comparison of the PXRD data collected from the same bulk sample used for the 
SQUID measurements with the pattern calculated from the crystal structure it can be seen 
that the two samples are significantly different. The collected powder pattern belongs to the 
trigonal space group R32 and is isostructural to the anhydrous perchlorate salt discussed in 
3.2.2 (Figure 3.9 and Figure 3.10). This is evidence that the bulk powder and the single 
crystal are different polymorphs, and explains the discrepancy between the crystal structure 
and the magnetic behaviour. 
The problem of obtaining different solvate phases from single crystals and bulk samples of 
the same complex has been experienced by the group before, and it has even been observed 
that an un-solvated complex obtained by heating was different to the un-solvated complex 
obtained via slow diffusion.
[27, 28]
 There is also a possibility that the solvent was lost from 
the bulk sample over time. Efforts to collect variable temperature magnetic susceptibility 
data on a bulk sample of the monohydrate have been unsuccessful.  
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Figure 3.8 
Thermogravimetric analysis of 1(BF4)2·H2O. 
 
 
Figure 3.9 
Collected (black) and simulated (red) powder pattern of 1[BF4]·H2O. 
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Figure 3.10 
Collected PXRD data for 1(BF4)2·H2O compared with the simulated  powder pattern for 1(ClO4)2 
(red). 
 
As a comparison with the SQUID data the variable temperature magnetic susceptibility of 
this complex was measured in deuterated acetone solution using the Evans NMR method.
[29]
 
These results are very similar to the SQUID data and show that the complex has a χMT of 
around 3.5 cm
3
 mol
-1
 K over the temperature range of 193-312 K with a small drop off at 
higher temperatures (Figure 3.11). These results show that the high spin state of the 
complex, at least between 193-312 K, is not due to packing effects alone and that there must 
be some electronic effects which govern the spin state. The system may undergo a gradual 
spin transition in solution at lower temperatures, however the measurement below 190 K is 
limited by the freezing point of the solvent. Acetone was chosen as a solvent for this 
experiment because it has the lowest freezing point of the most common deuterated solvents 
that dissolve metal complexes, at 178 K. One disadvantage of using the Evans NMR method 
is that there is a relatively large error in χMT of between 5-10%, depending on sample 
concentration.
[30]
 This could have been the reason for the drop off in χMT observed at higher 
temperatures.  
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Figure 3.11 
χMT vs T data collected using the Evans NMR method in (CD3)CO at 500 MHz for 1(BF4)2·H2O. 
Calculations were made using the shift in the acetone peak.  
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3.2.2. 1(ClO4)2 
Yellow crystals of 1(ClO4)2 were obtained via slow vapour diffusion of diethyl ether into a 
methanol solution of 1(ClO4)2, and a structure was determined at 150 K. This salt 
crystallised in the trigonal space group R32 (a = 18.6378(12); b = 18.6378(12); c = 
24.3461(14) Å, α = 90º, β = 90º, γ = 120º, V = 7324.0(8) Å3) , and the asymmetric unit 
contains half a complex molecule and three partially occupied  anion sites (Figure 3.12). 
One third of an anion lies on a C3 axis, half an anion on a C2 axis and one sixth of a 
disordered anion lies on a C3 axis and three C2 axes. The iron centre itself lies on a C2 
crystallographic axis which intersects between the Fe‒N bonds in the equatorial plane of the 
molecule. One of the pyrazole rings in the asymmetric unit is disordered equally over two 
positions, and this could be due to close contacts in the lattice between these adjacent 
pyrazolyl groups (Figure 3.13). Attempts to extend this disorder to the entire complex cation 
didn’t produce a reasonable refinement, however. Complex molecules in close contact form 
chains along the length of the c axis which are separated by channels of perchlorate anions 
(Figure 3.14). 
 
 
Figure 3.12 
The asymmetric unit of 1(ClO4)2 collected at 150 K. Thermal ellipsoids are set at 50 % probability 
and hydrogen atoms have been omitted for clarity. 
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Figure 3.13 
Symmetry generated structure of 1(ClO4)2 showing close contact between the disordered pyrazole 
rings. 
 
 
Figure 3.14 
View down the c axis of the structure of 1(ClO4)2. 
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The geometric parameters were calculated for each position of the disordered pyrazole ring 
separately (Table 3.3). The Fe‒N bond lengths are also those typical of high spin iron(II) 
complexes suggesting that this complex is almost fully high spin at 150 K, and the plane 
twist angle (θ) and the trans angle (ϕ) are both close to 90º and 180º respectively. A 
noticeable difference between this structure and the structure of 1(BF4)2·H2O is that the 
rhombic distortion parameter is significantly larger, indicating a shift from ideal octahedral 
towards a more rhombohedral geometry. 
 
Table 3.3 
Tabulated values of the bond lengths and geometric parameters around the iron centre in 1(ClO4)2. 
(A) and (B) refer to the suffix of the atom names in the structure used for each position of the 
disordered pyrazole. 
 
 
As was expected the variable temperature magnetic susceptibility measured using a SQUID 
magnetometer in a field of 5 kG showed that χMT held a value of approximately 3.7 cm
3
mol
-
1
K between 300-75 K before dropping at lower temperatures due to the effect of zero field 
splitting (Figure 3.15). This value for χMT is typical for a HS iron(II) complex and shows 
that, like the tetrafluoroborate salt, the bulk sample remains trapped in the HS state. 
PXRD measurements recorded using the same sample which was used for the SQUID 
measurements correlate well with those calculated from the crystal structure of 1(ClO4)2 
(Figure 3.16). Therefore the structure obtained via x-ray crystallography is representative of 
the bulk phase and the fully HS nature of this compound could have been predicted from the 
structure. 
 
1(ClO4)2 (A) 1(ClO4)2 (B)
Fe-PyN (Å) 2.140(3) 2.140(3)
Fe-PzN (Å) 2.079(6) 2.329(6)
α(°) 149.2(2) 147.0(2)
θ(°) 89.13(6) 96.70(6)
φ(°) 178.79(13) 178.79(13)
Σ(°) 150.82 153.91
Θ(°) 344.29 342.23
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Figure 3.15 
χMT vs T curve of 1(ClO4)2. Recorded at a scan rate of 2 K min
-1
 in settle mode.  
 
 
Figure 3.16 
PXRD data obtained from the bulk sample of 1(ClO4)2 (black) compared with the powder pattern 
calculated from the crystal structure (red). 
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3.2.3. 1(PF6)2  
Yellow crystals of 1(PF6)2 were obtained via slow vapour diffusion of diethyl ether into a 
methanol solution of 1(PF6)2 and a structure determined at 150 K. 1(PF6)2 crystallised in the 
monoclinic space group C2/c (a = 34.124(3); b = 12.3128(11); c = 17.6817(17) Å, α = 90º, β 
= 114.441(6)º, γ = 90º, V = 6763.4(11) Å3). The asymmetric unit contains one complete 
formula unit and was solved without any disorder or restraints applied (Figure 3.17).  
The complex molecules are arranged in pairs which interlock such that the planes of the 
ligands on separate complex molecules come into close contact to one another (Figure 3.18). 
The distance between the two adjacent mean squares ligand planes, however, is 6.2288(5) Ǻ 
which is too far to suggest that any π-π interactions are occurring between the adjacent 
complex molecules. These kind of interactions are seen in structures exhibiting the 
terpyridine embrace, although in these cases the interaction is four-fold and results in 2-
dimensional sheets of complex cations.
[25, 31-33]
 
The molecules are symmetry related by C2 rotation axes and C2 screw axes which run in the 
direction of the b axis, but no atoms lie directly on any of these axes (Figure 3.19). As with 
the tetrafluoroborate and perchlorate salts there are close interactions between complex and 
anion molecules, but there are also close interactions between adjacent complex molecules. 
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Figure 3.17 
Asymmetric unit of 1(PF6)2. Thermal ellipsoids are set at 50% probability and hydrogen atoms have 
been omitted for clarity. 
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Figure 3.18 
Symmetry generated view of 1(PF6)2 showing the interactions between adjacent molecules. 
 
 
Figure 3.19 
View down the b axis of 1(PF6)2.  
 
The coordination sphere around the iron centre is noticeably more distorted than for the 
tetrafluoroborate and perchlorate salts, but the rhombic and trigonal distortion parameters 
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are fairly close to those of the perchlorate salt. One major geometric difference which 
distinguishes this from the other two salts is the trans angle, ϕ, which is significantly less 
than 180º (Table 3.4). Both ϕ and θ reduce the symmetry from the D2h of a perfect 
octahedron to C2 and the lattice may not accommodate a conversion back to D2h symmetry 
which would accompany a spin transition.
[34]
 As a comparison the smallest angle for ϕ in the 
literature for an iron(II)/bpp type complex is 154.52º which belongs to unsolvated 
[Fe(L)2](SbF6)2, where L = 2,6-di(pyrazol-1-yl)pyrazine.
[35]
 
 
Table 3.4 
Tabulated values of the bond lengths and geometric parameters around the iron centre in 1(PF6)2. 
 
 
The Fe‒N bond lengths correspond with the distortion parameters and suggest that this 
complex is fully high spin at 150 K. Variable temperature magnetic susceptibility data 
confirms that this complex remains high spin over the entire temperature range. This is very 
similar to that of 1(BF4)2 and 1(ClO4)2 which show no evidence of a spin transition. The 
complex remains almost completely high spin with a constant χMT of around 3.8 cm
3
 mol
-1
 
K, which is quite typical for a high spin iron complex (Figure 3.20). PXRD data show that 
there are only minor differences between the bulk phase and the single crystal so the two 
structures are likely to be similar (Figure 3.21). 
1(PF6)2
Fe-PyN (Å) 2.1521(19)
Fe-PzN (Å) 2.2430(18)
α(°) 146.86(7)
θ(°) 79.29(2)
φ(°) 168.92(7)
Σ(°) 147.77
Θ(°) 341.72
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Figure 3.20 
χMT vs T curve of 1(PF6)2. Recorded at a scan rate of 2 K min
-1
 in settle mode.  
 
 
Figure 3.21 
PXRD data obtained from the bulk sample of 1(PF6)2 (black) compared with the powder pattern 
calculated from the crystal structure (red). 
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3.3. Iron(II) Complexes of L2 (2(X)2) 
Iron (II) tetrafluoroborate and perchlorate salts were obtained by mixing two equivalents of 
the ligand L
2
 with iron(II) tetrafluoroborate or perchlorate in methanol. The 
hexafluorophosphate salt was obtained by first making the iron(II) chloride and then 
performing a salt exchange with ammonium hexafluorophosphate. 
Single crystals were obtained for the 2(BF4)2, 2(ClO4)2 and 2(PF6)2 salts via slow diffusion 
of diisopropyl ether into acetonitrile, however it was crystals of 2(PF6)2·2CH3CN which 
were the strongest diffractors. This complex salt crystallised in the monoclinic space group 
P21/n (a = 20.494(2); b = 23.257(3); c = 20.609(2) Å, α = 90º, β = 101.271(6)º, γ = 90º, V = 
9633.4(18) Å
3
) and turned out to be the di-acetonitrile solvate 2(PF6)2·2CH3CN, with the 
asymmetric unit containing two formula units (Figure 3.22). There is also a significant 
amount of disorder in this complex; one of the isopropyl groups is disordered over two 
positions in a ratio of roughly 0.8:0.2, one of the acetonitrile molecules is disordered 
approximately 0.5:0.5 over two positions. The two hexafluorophosphate anions also show 
significant disorder, one being disordered roughly 0.5:0.5 over two positions and the other is 
disordered 0.4:0.4:0.2 over three positions. This disorder could be the cause of the poor 
quality crystals when compared to salts of 1
2+
 and this is the reason a crystal structure of 
only the 2(PF6)2·2CH3CN could be acquired. The asymmetric unit repeats via two-fold 
screw axes, which do not intersect any of the molecules and run along the b direction 
(Figure 3.23). There is a close contact between the disordered isopropyl group and the 
disordered acetonitrile, and it is probably this interaction which leads to the disorder in these 
two molecules (Figure 3.24). There are only close interactions between dication molecules 
and ions, and no close interactions between adjacent complex molecules in this structure. 
 
Chapter 3 
 
95 
 
 
Figure 3.22 
Asymmetric unit of 2(PF6)2·2CH3CN. Thermal ellipsoids have been set at 50% probability and 
hydrogen atoms and solvent molecules have been omitted for clarity. 
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Figure 3.23 
View of the structure of 2(PF6)2·2CH3CN down the a axis. 
 
  
Figure 3.24 
Stick (left) and spacefill (right) representations of the 2
2+
 cation showing the proximity of the iPr 
groups to the ligand backbone. 
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Table 3.5 
Tabulated values for the geometric parameters around the iron centres in 2(PF6)2·2CH3CN. 
 
 
The geometries of the coordination spheres around the iron centres are almost identical and 
are very similar to 1(BF4)2·H2O and 1(ClO4)2, but do not show as much distortion in the θ 
and ϕ angles as 1(PF6)2 (Table 3.5). This is very clearly a high spin complex at 150 K by 
examination of the Fe‒N bond lengths and distortion parameters. This was confirmed by 
χMT vs T measurements of 2(BF4)2·H2O both in the solid state and in (CD3)2CO solution 
(Figure 3.25 and Figure 3.26). 2(BF4)2·H2O was used in this instance because of its higher 
solubility in acetone than 2(PF6)2. The two sets of data are very similar and give a typical 
χMT value of around 3.5 cm
3
 mol
-1
 K, and this shows that the high spin nature of this 
complex is not entirely due to packing effects in the lattice. 
 
Fe(1A) Fe(1B)
Fe-PyN (Å) 2.151(3) 2.144(2)
Fe-PzN (Å) 2.226(2) 2.227(2)
α(°) 147.79(9) 147.31(8)
θ(°) 88.45(3) 88.64(3)
φ(°) 175.94(8) 173.50(8)
Σ(°) 145.62 146.53
Θ(°) 341.71 342.05
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Figure 3.25 
χMT vs T curve of 2(BF4)2·H2O. Recorded at a scan rate of 2 K min
-1
 in settle mode. 
 
 
Figure 3.26 
χMT vs T for 2(BF4)2·H2O in (CD3)2CO solution.  
 
The magnetic susceptibility via the Evans NMR method shows a value of χMT of around 3.5 
cm
3
mol
-1
K which is also quite typical of HS iron(II). The drop off at higher temperatures is 
likely to be the density of the acetone solution which is used to calculate  χMT, as density 
data is only available on neat acetone the presence of a solute may affect this. It was also 
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noted that after the measurement some of the complex had precipitated out of solution, 
which will affect both the concentration and the density used in the calculation. However 
these measurements clearly show that the complex remains fully HS from 190-310 K in 
acetone solution. 
This is an unexpected result as the isopropyl groups are electron donating substituents, and 
so should serve to raise the transition temperature in this complex by increasing the basicity 
of the donating nitrogens and thus stabilising the LS state.
[36]
 However the corresponding 1-
bpp complex, which is geometrically and sterically similar is also high spin over the entire 
temperature range and so this result could be due to the steric effects of the substituents.
[5, 37]
 
In particular the close intramolecular contacts between the 
i
Pr groups and the 3-bpp 
structure as seen in the space filling diagram in Figure 3.24 could serve to prevent the 
contraction of the coordination sphere upon a HS→LS transition and so inhibit SCO in this 
complex.
[5]
 
 
 
Figure 3.27 
PXRD data obtained from the bulk sample of 2(PF6)2 (black) compared with the powder pattern 
calculated from the crystal structure (red). 
 
By comparison of the PXRD data obtained from the bulk sample and the powder pattern 
calculated from the crystal structure it can be seen that they are very different (Figure 3.27). 
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This could be due to loss of acetonitrile from the crystal which may trigger a structural 
change. This has not been confirmed, however. 
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3.4. Iron(II) Complexes of L3 (3(X)2) 
Mixing two equivalents of the ligand L
3
 with iron(II) tetrafluoroborate hexahydrate afforded 
the complex 3(BF4)2
 
as a microcrystalline yellow solid. Crystals suitable for x-ray 
diffraction were obtained via slow vapour diffusion of diisopropyl ether into an acetonitrile 
solution of 3(BF4)2
 
 and a structure was determined at 150 K. This complex crystallised in 
the cubic space group I-42d (a = b = c = 22.8650(18) Å, α = β = γ = 90º, V = 11954.0(16) 
Å
3
) with the asymmetric unit containing a quarter of a complex molecule, and half a 
tetrafluoroborate anion (Figure 3.28). The allyl substituent is disordered over three positions 
in the ratios 0.6:0.25:0.15. Fe(1) and N(2) lie on a 4-fold rotoinversion axis and the half 
anion lies on a C3 rotation axis. When the disordered allyl groups are in their major 
orientation they tuck in neatly into the plane of the ligands (Figure 3.29). Despite the fairly 
large allyl groups the coordination around the iron centre has very little distortion, which is 
probably a reflection of the flexibility of these groups. The bond lengths however suggest 
that the iron is in its HS state at 150 K (Table 3.6). 
 
 
Figure 3.28 
Asymmetric unit of 3(BF4)2. Thermal ellipsoids are set at 50% probability and hydrogens have been 
omitted for clarity. 
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Figure 3.29 
Stick (left) and spacefill (right) representations of the 3
2+
 cation showing the proximity of the allyl 
groups to the ligand backbone when in their major orientation. 
 
Table 3.6 
Selected bond lengths and geometric parameters for the iron centre in 3(BF4)2.  
a
 Atom coordinates lie on a crystallographic axis so no associated ESD. 
 
 
 
The rhombic and trigonal distortion parameters are very similar to previous complexes 
however there is no distortion whatsoever in the trans angle which is exactly 180º. Looking 
down the axis of the pyridine N‒Fe bonds the steric clashes between the allyl groups do not 
seem to be as great as those seen in 4
2+
 (discussed in 3.5). 
Evidence for the high spin state is further supported by the solid state magnetic 
susceptibility measurements, which show that this complex is fully high spin over the entire 
temperature range (Figure 3.30). This shows that it is not necessarily the distortion in the 
trans angle which traps the complex in the high spin state, so this must be a combination of 
other steric and electronic factors. In addition measurements of the magnetic susceptibility 
in acetone solution show that this complex is fully HS between 190-310 K (Figure 3.31). 
When conducting the Evans NMR experiment for this complex a lower concentration was 
3(BF4)2
Fe-PyN (Å) 2.129(3)
Fe-PzN (Å) 2.217(3)
α(°) 149.07(13)
θ(°) 90.0000(16)
φ(°) 180a
Σ(°) 140.08
Θ(°) 343.64
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used, which avoided the problem of precipitate forming at lower temperatures and reducing 
the drop-off in χMT seen at higher temperatures. 
 
 
Figure 3.30 
χMT vs T for 3(BF4)2. Recorded at a scan rate of 2 K min
-1
 in settle mode. 
 
Figure 3.31 
χMT vs T for 3(BF4)2 in (CD3)2CO solution. 
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Figure 3.32 
PXRD data obtained from the bulk sample of 3(BF4)2 (black) compared with the powder pattern 
calculated from the crystal structure (red). 
 
By comparing the PXRD data obtained from the bulk sample and that calculated from the 
crystal structure it can be seen that the two are very similar, although there are a few 
additional peaks and a hump indicating some amorphous material present (Figure 3.32). 
This suggests that the bulk sample could be a mixture of phases including the one observed 
in the crystal structure. However the value of χMT suggests that it is likely any additional 
phases are also HS from 5-300 K. 
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3.5. Iron(II) Complexes of L4 (4(X)2) 
Two equivalents of the ligand L
4
 were mixed with iron(II) salts producing 4(BF4)2, 4(ClO4)2 
and 4(PF6)2 as microcrystalline yellow solids. Crystals suitable for x-ray structure 
determination were obtained from the tetrafluoroborate salt via slow vapour diffusion 
diisopropyl ether into an acetonitrile solution of 4(BF4)2 and the structure was determined at 
150 K. 4(BF4)2 crystallised in the orthorhombic space group Pbca (a = 15.4334(17); b = 
14.0656(17); c = 43.884(5) Å, α = β = γ = 90º, V = 9526.3(19) Å). The asymmetric unit 
contains one complete formula unit with no lattice solvent being present (Figure 3.33).There 
is no apparent disorder in the benzyl groups; three of the groups are tucked in parallel to the 
plane of the other ligand in what could be a π-π stacking interaction and this sort of packing 
motif has been seen before in transition metal complexes of similar ligands.
[38]
 The other 
benzyl group is pointing away from the complex, and this could be due to some close 
interactions which exist between pairs of adjacent molecules (Figure 3.34). The molecules 
are symmetry related by 2-fold screw axes in the a, b and c direction. 
 
 
Figure 3.33 
Asymmetric unit of 4(BF4)2. Thermal ellipsoids are set at 50% probability and hydrogens have been 
omitted for clarity. 
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Figure 3.34 
Stick (left) and spacefill (right) representations of the 4
2+
 cation showing the proximity of the benzyl 
groups to the ligand backbone. 
 
Table 3.7 
Selected bond lengths and geometric parameters for the iron centre in 4(BF4)2. 
 
 
The distortions around the iron centre are again characteristic of a high spin iron(II) 
complex and very similar to the complexes mentioned previously in this chapter (Table 3.7). 
Also there is a noticeable deviation of the ϕ angle away from 180º, which could lead to 
trapping of the high spin state over the entire temperature range. 
The magnetic susceptibility of this complex was recorded both in the solid state and in 
acetone solution. The solid state SQUID data support the geometric parameters derived 
from the crystal data, showing the absence of a spin transition and a similar magnetic profile 
to those seen for the previous complexes (Figure 3.35). The solution magnetic susceptibility 
recorded using the Evans NMR method also shows a high spin complex between 193 K and 
312 K (Figure 3.36). This helps to explain that the HS nature of the complex is likely to be 
caused by the inductive effect of the benzyl substituents as opposed to packing effects alone.  
4(BF4)2
Fe-PyN (Å) 2.1396(14)
Fe-PzN (Å) 2.2260(15)
α(°) 148.60(6)
θ(°) 89.607(15)
φ(°) 171.00(6)
Σ(°) 141.79
Θ(°) 342.75
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It can also be seen from the comparison of the experimental and calculated PXRD data that 
the bulk phase of 4(BF4)2 is identical to the phase observed in the crystal structure (Figure 
3.37). This reflects the absence of lattice solvent in the structure making the bulk sample 
less likely to change over time.  
 
 
Figure 3.35 
χMT vs T for 4(BF4)2. Recorded at a scan rate of 2 K min
-1
 in settle mode. 
 
 
Figure 3.36 
χMT vs T for 4(BF4)2 in (CD3)2CO solution. 
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Figure 3.37 
PXRD data obtained from the bulk sample of 4(BF4)2 (black) compared with the powder pattern 
calculated from the crystal structure (red). 
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3.6. Conclusion 
From the crystal structures and magnetic susceptibility data presented here it is clear to see 
that none of the complex salts undergo SCO. Only the crystalline hydrate 1(BF4)2·H2O, 
which contains two distinct iron centres of apparently different spin states, has the potential 
to undergo a spin transition. A bulk sample of the hydrate for magnetic susceptibility 
measurements has not yet been obtained, however. It has been determined by PXRD that the 
bulk phase of this complex is not the same phase as the single crystal and that it is in fact 
isostructural to 1(ClO4)2. Although the crystal structures have different unit cells, packing 
motifs and disorder the variable temperature magnetic susceptibility of all six complexes 
discussed here show they are all high spin over the entire temperature range (Figure 3.38). 
 
 
Figure 3.38 
Comparison of the χMT vs T data for 1(PF6) (■), 2(BF4)2 (○), 3(BF4)2 (▼) and 4(BF4)2 (▲). 
 
The complexes of L
2
 correlate well with their 1-bpp counterparts which have a very similar 
magnetic profile to this complex. It is possible that the steric bulk of this isopropyl group is 
hindering the contraction of the coordination sphere and so making a HS→LS transition 
unfeasible. For the complexes of L
3
 and L
4
 there are no known isostructural 1-bpp 
complexes to compare to but the crystal structures obtained show that the substituents wrap 
around the complex and show some close interactions with the opposing ligand. While this 
may serve to hinder SCO in the same way as complexes of L
2
, the flexibility of the allyl and 
benzyl substituents may also serve to reduce this effect. 
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Interestingly the complex salts of L
1
 are fully high spin over the entire temperature range 
while some of their counterparts from the 1-bpp series are SCO active. This discrepancy 
must arise from a combination and balance of subtle steric and electronic factors which 
influence the spin states of these complexes. 
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Chapter 4  
 
Substitution of 2,6-Di(1H-pyrazol-3-yl)pyridine 
at the Pyrazolyl C4, C5 Positions and the 
Pyridyl C4 Position and Implications on Spin 
Crossover 
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4.1. Introduction 
It was shown in Chapter 3 that modification of the 2,6-di(1H-pyrazol-3-yl)pyridine structure 
at the pyrazole 1H position by simple hydrocarbon groups does not lead to SCO behaviour 
in their iron(II) complexes, unlike some of their 2,6-di(pyrazol-1-yl)pyridine analogues.
[1]
 
Synthetic routes towards substituted 3-bpp derivatives are somewhat limited in the 
literature. However there are routes towards substitution at the pyrazolyl C5 position to 
make 2,6-di(5-amino-1H-pyrazol-3-yl)pyridine, and some 2,6-di(5-alkyl-1H-pyrazol-3-
yl)pyridine derivatives 
[2-4]
 Substitution of the ligand at this position has the advantage of 
leaving the pyrazolyl NH group with the ability to form hydrogen bonds, which are often 
associated with high cooperativity within their crystalline complexes. This cooperativity is 
thought to lead to abrupt spin transitions, although these interactions are not the only 
influencing factor.
[5]
 In addition to retaining the NH bonding capabilities, substitution at the 
pyrazole C5 position can lead to additional hydrogen bonding interactions, steric clashes 
and inductive effects being introduced into the system.  
This is not the first time substitution at the pyrazolyl C5 position of 3-bpp has been 
investigated by the group, and one ligand which proved to be particularly fruitful was 2,6-
di(5-methyl-1H-pyrazol-3-yl)pyridine (L
9
). Firstly, the tetrafluoroborate salt [Fe(L
9
)2](BF4)2 
readily takes up atmospheric moisture to give the [Fe(L
9
)2](BF4)2·2H2O solvate which 
adopts a 1:1 HS:LS ratio. However this can be thermally dehydrated to give the anhydrous 
HS complex which undergoes an abrupt spin transition on cooling with a wide thermal 
hysteresis. This hysteresis is initially 65 K wide but with repeated thermal cycling narrows 
to 37 K. This complex also has very complex phase behaviour associated with the transition, 
with an additional non-isostructural anhydrous phase available from recrystallisation.
[6]
 This 
example will be discussed in more detail in Chapter 5.  
There are many manipulations which could be performed on the pyrazolyl C5 position 
which could affect spin crossover. The ligand field can be altered by addition of electron 
withdrawing and donating groups and it can be seen in the literature that for complexes of 
substituted 1-bpp the T1/2 appears to be higher for electron donating and lower for electron 
withdrawing substituents on the pyrazolyl rings.
[7-9]
 Therefore substituting electron 
withdrawing groups at the pyrazolyl C4 position stabilises the high spin state. However this 
trend does not seem to apply to all ligand types.
[10]
 
 In addition to these effects certain groups, such as those capable of forming intermolecular 
interactions, will also increase the cooperativity by communicating spin state changes 
between adjacent molecules and give a more abrupt spin transition possibly accompanied by 
hysteresis.
[11, 12]
 It would therefore be of interest to use various synthetic routes to obtain a 
series of 3-bpp ligands which are substituted at the pyrazolyl C5 position, and vary these 
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substituents so as to influence the inductive effects, steric bulk and intermolecular 
interactions (Figure 4.1). As previously stated in Chapter 2, there are not as many synthetic 
routes available to 3-bpp derivatives as there are for the 1-bpp isomer, and the methods 
employed to make the ligands discussed in this chapter were described in that chapter.  
 
Table 4.1 
The complexes discussed in this chapter and their abbreviations. The nature of the anion, X, and any 
solvation are specified throughout. 
Complex Abbreviation 
[Fe(L
5
)2](X)2 5(X)2 
[Fe(L
6
)2](X)2 6(X)2 
[Fe(L
7
)2](X)2 7(X)2 
[Fe(L
10
)2](X)2 10(X)2 
[Fe(L
11
)2](X)2 11(X)2 
[Fe(L
12
)2](X)2 12(X)2 
[Fe(L
14
)2](X)2 14(X)2 
[Fe(L
15
)2](X)2 15(X)2 
[Fe2(L
15
)2](X)4  
[Fe(L
16
)2](X)2 16(X)2 
[Fe(L
17
)2](X)2 17(X)2 
[Fe(L
18
)2](X)2 18(X)2 
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Figure 4.1 
The ligands referred to in this chapter and their abbreviations. 
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4.2. Complexes of 2,6-Di(5-amino-1H-pyrazol-3-yl)pyridine (L5) 
2,6-Di(5-amino-1H-pyrazol-3-yl)pyridine (L
5
) is of interest because the amino groups are 
strong hydrogen bond donors and acceptors and which increases the chance of a H-bonding 
network in the lattice of any iron(II) complexes formed. Although there are no SCO 
complexes of the isostructural 1-bpp isomer of this ligand in the literature, the 
electronegativity of nitrogen is somewhere in between chlorine and bromine, both of which 
have been substituted onto the C4 position of 1-bpp and their iron(II) complexes 
characterised.
[9, 13]
 Therefore if only electronic effects were taken into consideration then it 
is expected that an isostructural iron(II) complex of L
5
 would switch somewhere between 
202 K and 253 K. 
The tetrafluoroborate and perchlorate salts of [Fe(L
5
)2]
2+
 (5
2+
) both turned from an 
orange/brown colour to a dark green over a few days in solution and the solid state, 
indicating oxidation of the iron(II) complex to iron(III).
[14]
 PXRD of this green species 
suggest that it is amorphous making it difficult to obtain crystals for x-ray diffraction, 
however it is reasonable to assume that the ligand has been deprotonated to give an iron(III) 
species, which isn’t uncommon in metal complexes.[15, 16] Iron(II) complexes of bpp type 
ligands are usually air stable and it was initially thought that the electron withdrawing 
nature of the amino groups could be responsible for this behaviour. Cyclic voltammetry was 
employed to test this theory and the oxidation potentials, E1/2, for 5(ClO4)2, [Fe(L
9
)2](ClO4)2 
(9(ClO4)2) and [Fe(3-bpp)2](ClO4)2 are 0.10 V, 0.36 V and 0.54 V respectively vs the 
ferrocene/ferrocenium couple (Figure 4.2). This shows that the amino groups substantially 
decrease E1/2 of the iron complex, therefore are actually electron donating in this instance, 
even more so than a methyl group. This is probably due to the lone pair on the nitrogen 
being delocalised into the pyrazole rings, making them more electron rich and able to donate 
more electron density to the iron, which in turn makes it more easily oxidised. 
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Figure 4.2 
Cyclic voltammagrams of 5(ClO4)2 (red), 9(ClO4)2 (black) and [Fe(3-bpp)2](ClO4)2 (blue) recorded at 
a scan rate of 100 mVs
-1
 using ferrocene as a reference. 
 
Because of this instability a good microanalysis could only be obtained of the hydrate, 
5(ClO4)2·H2O, however because of its relative stability in air for many of the bulk 
measurements the nitromethane/diethylether solvate 5(ClO4)2·2(C2H5)2O·CH3NO2 was used 
and will be discussed here. The structure of 5(ClO4)2·2(C2H5)2O·CH3NO2 was found to 
crystallise in the orthorhombic space group Pbcn (a = 14.5138(7); b = 23.2609(11); c = 
12.8419(6) Å, α = β = γ = 90º, V = 4335.5(4) Å3). The asymmetric unit contains half a cation 
molecule intersected by a crystallographic C2 axis at the Fe centre, one anion, one diethyl 
ether and a disordered nitromethane molecule lying on a C2 axis (Figure 4.3). On one 
pyrazolyl group the NH, H(10), forms a hydrogen bonding interaction with the diethyl ether 
oxygen O(27) while one of the amino hydrogens forms an interaction with the perchlorate 
oxygen O(23). On the other pyrazolyl ring the NH, H(16), forms an interaction with the 
perchlorate oxygen O(22) while one of the amino hydrogens H(19A) forms interactions 
with the oxygen O(24), creating a ring of type   
    .[17] In addition the other amino 
hydrogen, H(19B) forms a bifurcated hydrogen bond to the O(21) and O(23) oxygen atoms 
form a symmetry generated perchlorate (Figure 4.4). These extensive hydrogen bonding 
interactions combine to create creating a network analogous to a fluorite topology, with the 
complex dications acting as 8 coordinate centres and the perchlorate anions acting as 4 
coordinate centres (Figure 4.5).
[18]
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Figure 4.3 
The asymmetric unit of 5(ClO4)2·2(C2H5)2O·CH3NO2. Thermal ellipsoids have been set at 50% 
probability and hydrogens have been omitted for clarity. 
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Figure 4.4 
Grown structure showing the extent of hydrogen bonding in 5(ClO4)2·2(C2H5)2O·CH3NO2. The 
disordered nitromethane and any hydrogens which do not take part in any interactions have been 
omitted for clarity. Symmetry codes: (i) 1/2+x, 3/2-y, -z; (ii) 1-x, +y, 1/2-z; (iii) 1-x, 1-y, -z; (iv) 1-x, 
+y, 1/2-z); (v) 1/2-x, 3/2-y, 1/2+z; (vi) +x, 1-y, 1/2+z.  
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Figure 4.5 
View of the topology of 5(ClO4)2·2(C2H5)2O·CH3NO2.  
 
Table 4.2 
Values for the hydrogen bonding distances in the structure of 5(ClO4)2·2(C2H5)2O·CH3NO2.  
 
 
Interaction Distance (Å)
N(10) – H(10) · · · O(27) 1.932(16)
N(13) – H(13A) · · · O(23) 2.175(17)
N(13) – H(13B) · · · O(21) 2.507(19)
N(16) – H(16) · · · O(22) 2.116(16)
N(19) – H(19A) · · · O(24) 2.190(18)
N(19) – H(19B) · · · O(21) 2.299(18)
N(19) – H(19B) · · · O(23) 2.59(2)
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Table 4.3 
Selected geometric parameters for 5(ClO4)2·2(C2H5)2O·CH3NO2.  
 
 
The hydrogen bond distances in the crystal structure of 5(ClO4)2·2(C2H5)2O·CH3NO2 are 
considerably smaller than the combined Van Der Waals radii of 2.72 Å, indicating that 
significant hydrogen bonding interactions are occurring (Table 4.2).
[19]
 These hydrogen 
bonding networks would be expected to infer some cooperativity between molecules in the 
lattice and thus lead to an abrupt spin transition. 
Furthermore, by examination of the Fe‒N bond lengths it can be deduced that this complex 
is in the HS state at 150 K, as shorter bond lengths would be expected for a LS complex. 
This is also supported by the rhombic and trigonal distortion parameters which show the 
kind of deviation from octahedral geometry that would be expected of a HS complex (Table 
4.3).
[20, 21]
 The origin of these distortion parameters are discussed in Chapter 1. The trans 
angle, ϕ, is only slightly lower than the octahedral ideal of 180º and the plane angle, θ, 
between the two ligand planes is also fairly close to the octahedral ideal of 90º. Therefore it 
is unlikely that this complex will be trapped in the HS state due to these Jahn-Teller 
distortions. It is however unlikely that a sample of 5(ClO4)2·2(C2H5)2O·CH3NO2 as this 
particular polymorph will undergo a spin transition above this temperature. 
A bulk sample on which to perform magnetic measurements was made by grinding orange 
crystals obtained by the same vapour diffusion method and this was used to obtain magnetic 
susceptibility measurements in the solid state using a SQUID magnetometer (Figure 4.6) as 
well as in solution using the Evans NMR method (Figure 4.7). With the tendency of this 
complex to form the green iron(III) complex over a few hours, these measurements were 
taken as quickly as possible on a freshly prepared sample. The SQUID data show a small 
transition centred around 170 K with a 10 K wide hysteresis which looks to be two magnetic 
5(ClO4)2·2(C2H5)2O·CH3NO2
Fe-PyN 2.1567(12)
Fe-PzN 2.1936(12)
α(°) 146.87(5)
θ(°) 87.940(3)
φ(°) 177.33(6)
Σ(°) 151.16
Θ(°) 341.38
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profiles superimposed on top of one another, one of which is a very gradual ST and the 
other is abrupt and hysteretic. The value of χMT reaches a maximum value of 3.1 cm
3
mol
-1
K 
which is slightly lower than that expected for a fully HS iron(II) complex and so the 
gradually transitioning phase is probably not fully HS at 300 K. This is also supported by 
the powder pattern of a freshly prepared sample; while most of the peaks are obscured by a 
large background caused by amorphous material some of the more intense peaks can be 
seen and match up well with that calculated from the crystal structure (Figure 4.8). 
Importantly the sample used for the PXRD was obtained via the same crystallisation method 
as was used to obtain the single crystals so as to give comparable results. 
 
 
Figure 4.6 
χMT vs T data of (ClO4)2·2(C2H5)2O·CH3NO2 collected at a scan rate of 2 K min
-1
 in sweep mode. 
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Figure 4.7 
χMT vs T data for 5(ClO4)2 in (CD3)2CO solution. 
 
 
Figure 4.8 
PXRD data for a freshly prepared sample of (ClO4)2·2(C2H5)2O·CH3NO2 (red)compared with that 
calculated from the crystal structure (black). 
 
The Evans data show that the magnetic susceptibility of this complex in acetone solution 
begins to drop below around 250 K, higher than in the powdered sample. Because the data 
are incomplete due to the freezing point of the solvent it is difficult to determine an exact 
value for the transition temperature, T1/2, however a rough estimate would be at 
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approximately 190 K. Although there aren’t the close contacts and lattice effects that are 
present in the solid state, hydrogen bonding interactions with the solvent in solution can still 
affect the spin transition.
[22]
 This particular complex may be even more susceptible to these 
kinds of interactions because of the four amines acting as additional hydrogen bond donors 
and acceptors. The degree of hydrogen bonding at these groups will affect the electron 
density at the coordinating nitrogens and so alter the ligand field. It was therefore expected 
that repeating the same experiment in D2O would give a lower T1/2 as it would stabilise the 
LS state. This was not possible however because of the instability of the complex in water 
which didn’t allow enough time to collect the data. In addition the insolubility of the 
complex in other common NMR solvents meant that the predicted effect of the hydrogen 
bonding capabilities of the solvent on T1/2 could not be confirmed. 
 
 
4.3. Complexes of 5-Amidopyrazole Ligands 2,6-Di(5-tertbutylamido-1H-
pyrazol-3-yl)pyridine (L
6
) and 2,6-Di(5-benzylamido-1H-pyrazol-3-
yl)pyridine (L
7
) 
From L
5
 the two ligands 2,6-di(5-tertbutylamido-1H-pyrazol-3-yl)pyridine (L
6
) and 2,6-
di(5-benzylamido-1H-pyrazol-3-yl)pyridine (L
7
) were synthesised and a number of different 
salts of their iron(II) complexes were made. In addition attempts were made at making 
iron(II) complexes using 2,6-di(5-{methylthiourea}-1H-pyrazol-3-yl)pyridine (L
8
), however 
these proved to be insoluble in most common solvents which limited their characterisation. 
After numerous crystallisation attempts the only complexes for which suitable crystals for 
x-ray diffraction were obtained were for [Fe(L
6
)2](BF4)2 (6(BF4)2) and [Fe(L
6
)2](ClO4)2 
(6(ClO4)2), which were isostructural acetonitrile solvates formed via slow vapour diffusion 
of diisopropyl ether into an acetonitrile solution. These two structures were both solved in 
the triclinic space group P-1 (a = 12.8890(4); b = 13.3521(4); c = 19.1548(6) Å, α = 
104.759(2)º, β = 100.581(2)º, γ = 108.536(2)º, V = 2893.71(17) Å3 for 6(BF4)2·3CH3CN). 
The only major difference between the two was the higher degree of disorder in the tertbutyl 
groups in the structure of 6(ClO4)2·3CH3CN. The asymmetric unit contains one complete 
formula unit and three acetonitrile molecules, two of which form hydrogen bonding 
interactions with a pyrazolyl 1 H(6) and H(9) (Figure 4.9). Three of the amido groups are in 
an anti conformation with respect to the corresponding pyrazole NH which can then form an 
intramolecular hydrogen bonding interaction of the type   
 (6). In two of these groups the 
pyrazolyl NH forms an interaction with an acetonitrile molecule, while the amido NH forms 
an interaction with an anion. The remaining amido group is syn to its corresponding 
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pyrazolyl NH with both the pyrazolyl NH, H(13), and the amido NH, H(14), forming 
interactions with two separate fluorine atoms on the same BF4
-
 anion (Figure 4.10, Table 
4.4). This hydrogen bonding network extends in one dimension along the crystallographic a 
axis in a ladder type topology (Figure 4.11). These hydrogen bonding motifs are also seen in 
the structure of the perchlorate salt (Table 4.5) 
 
 
Figure 4.9 
Asymmetric unit of 6(BF4)2·3CH3CN. Thermal ellipsoids are set at 50% probability and hydrogens 
have been omitted for clarity. 
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Figure 4.10 
View of the hydrogen bonding interactions in the asymmetric unit of 6(BF4)2·3CH3CN. Any 
fragments and hydrogens not participating in interactions have been omitted. Symmetry codes: (i) –x, 
1-y, 1-z; (ii) 1-x, 1-y, 1-z. 
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Figure 4.11 
Packing diagram of 6(BF4)2·3CH3CN showing Fe octahedral and BF4
-
 tetrahedra. 
 
Table 4.4 
Distances for hydrogen bonding interactions in 6(BF4)2·3CH3CN. 
 
 
Interaction Distance (Å)
N(6)-H(6)···O(1) 2.6893(19)
N(6)-H(6)···N(16) 2.994(3)
N(7)-H(7)···F(1) 2.927(2)
N(1)-H(1)···F(7) 2.9196(19)
N(14)-H(14)···F(3) 2.9027(19)
N(13)-H(13)···F(2) 2.8094(19)
N(9)-H(9)···N(15) 2.926(2)
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Table 4.5 
Distances for hydrogen bonding interactions in 6(ClO4)2·3CH3CN. 
 
 
Table 4.6 
Selected geometric parameters for 6(BF4)2·3CH3CN and 6(ClO4)2·3CH3CN. 
 
 
From these data, particularly the Fe‒N bond distances and distortion parameters of the iron 
centre, it can be inferred that both salts of this complex are fully HS at 173 K (Table 4.6). 
This conclusion is supported by the variable temperature magnetic susceptibility 
measurements which show values of χMT of around 3.5-4.0 cm
3
mol
-1
K between 10-300 K 
(Figure 4.12). The reason for this is believed to be due to the large distortion in the trans 
angle, φ, which would require a large reorganisation of the lattice in order to revert to the 
more perfectly octahedral LS state (Figure 4.13, Table 4.6).
[23]
 In this case it seems that the 
energy barrier to reorganisation of the lattice is too high and so the complex remains 
kinetically trapped in its HS state at low temperatures.  
Interaction Distance (Å)
N(6)-H(6)···O(1) 2.712(3)
N(6)-H(6)···N(16) 3.002(4)
N(8)-H(8)···O(5) 2.998(3)
N(9)-H(9)···O(6) 2.882(3)
N(13)-H(13)···N(15) 2.939(4)
N(14)-H(14)···O(10) 2.958(4)
6(BF4)2·3CH3CN 6(ClO4)2·3CH3CN
Fe-PyN (Å) 2.1447(13) 2.134(2)
Fe-PzN (Å) 2.1970(13) 2.1952(15)
α(°) 147.32(5) 148.23(8)
θ(°) 89.607(13) 90.87(2)
φ(°) 158.29(5) 158.91(7)
Σ(°) 152.72 151.35
Θ(°) 355.02 354.24
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Figure 4.12 
χMT vs T data for 6(BF4)2·3CH3CN (■) and 6(ClO4)2·3CH3CN (●). Collected at a scan rate of 2 K 
min
-1
 in sweep mode. 
 
 
 
Figure 4.13 
The coordination sphere of the iron centre in 6(BF4)2·3CH3CN showing the large distortion in the 
trans angle, φ. 
 
The PXRD data for both 6(BF4)2 and 6(ClO4)2 show substantial differences from the powder 
patterns calculated from the crystal structures, which could be due to a loss of acetonitrile 
from the lattice facilitated by the elevated operating temperature of the diffractometer, 
which can be around 50º C (Figure 4.14, Figure 4.15). Microanalysis approximates both of 
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these complexes as the hydrates, which also suggests that over time acetonitrile could be 
lost and replaced by atmospheric water. Although the powder patterns are different from 
their calculated patterns the unsolvated phases of the tetrafluoroborate and perchlorate salts 
still seem to remain isostructural to one another.  
 
 
Figure 4.14 
PXRD data for a sample of 6(BF4)2·H2O (black) compared with the powder pattern calculated from 
the crystal structure (red).  
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Figure 4.15 
PXRD data for 6(ClO4)2·2H2O (black) compared with the powder patter calculated from the crystal 
structure (red).  
 
As with complexes of L
5
 it was of interest to study the spin states of 6(BF4)2 in solution via 
NMR, as there are a number of hydrogen bond donors and acceptors which could interact 
with the solvent. In the case of 6(BF4)2 the tertbutyl groups increase the solubility of the 
complex in organic solvents. This allows the complex to be studied in a wider range of 
NMR solvents in order to determine the effects of solvent polarity (EN), donor number 
(DN), solvent basicity (SB) and hydrogen bond acceptor basicity (β).[24-27] The parameters 
EN, DN, SB and β are described in Chapter 1. A shift of the NMR signal of a proton capable 
of forming hydrogen bonds could indicate the extent of these interactions in a given solvent 
and also indicate a change in the ligand field exerted on the metal. 
 
Table 4.7 
Correlation of the hydrogen environments of 6(ClO4)2 in different NMR solvents. All NMR spectra 
were recorded at 500 MHz and all shifts quoted in units of ppm. 
 
Solvent EN DN SB β δ Ha δ Hb δ Hc δ NHd δ NHe
Methanol d 4 0.7620 19.1 0.545 0.62 21.93 54.71 57.75 - -
Ethanol d 6 0.6540 32.0 0.658 0.77 22.23 54.84 57.8 - -
Nitromethane d 3 0.4810 2.7 0.236 0.06 24.62 55.17 61.03 29.72 15.11
N,N-Dimethylformamide d 7 0.3860 26.6 0.613 0.69 23.61 54.55 59.19 34.5 15.23
Acetonitrile d 3 0.4600 14.1 0.286 0.31 22.64 54.57 58.88 34.48 15.66
Acetone d 6 0.3550 17.0 0.475 0.48 24.23 54.96 60.29 31.5 15.23
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Figure 4.16 
Assignment of the hydrogen environments referred to in Table 4.7. 
 
  
  
Figure 4.17 
1
H NMR shifts plotted against the different solvent parameters showing Ha (●), Hb (▲), Hc (▲), NHd 
(▲) and NHe (■). 
 
Although there is little variation in the organic solvents, it could be argued that Ha and Hc 
decrease most linearly with the β and DN parameter, both of which are measures of 
hydrogen bonding capabilities, and Hb shows little variation at all. However since the 
variation of this data is slight and a limited number of solvents were used these patterns 
could be speculative. The NH groups were not observed in the more protic solvents due to 
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deuterium exchange and although there is significant variation it is difficult to attribute this 
to a solvent property with this data (Figure 4.17, Table 4.7). 
It would have been interesting to compare these results to those obtained from D2O, as this 
is one of the most strongly hydrogen bonding solvents. However this complex is not soluble 
in neat D2O and so D2O/CD3CN mixtures were used and the peak shifts recorded for 
increasing D2O fractions (Figure 4.18). 
 
 
Figure 4.18 
Graph showing how the Ha (■), Hb (●) and Hc (▲) chemical shifts change with increasing mole 
fraction of D2O. 
 
The system shows a clear shifting upfield at higher mole fractions of D2O, however it is not 
clear which, if not both NH groups are responsible for this as their signals are lost due to 
deuterium exchange. This shifting is due to additional electron density being introduced 
from the lone pairs on water during a hydrogen bonding interaction. This shields the protons 
from the applied magnetic field, causing them to shift upfield in the spectrum. This 
measureable change in electron density at the ligand will affect the ligand field around the 
iron centre and in turn Δoct, which ultimately affects spin crossover. It is interesting how the 
system shows little variation up to about χD2O = 0.65, after which there is an abrupt drop of 
around 1.3 ppm in all peaks. 
The Evans NMR method was employed to determine whether or not SCO occurred in 
(CD3)2CO solution of this complex, however the results showed abnormally low values for 
the χMT. This could potentially be due to the complex dissociating in solution, reducing the 
effective concentration as this has happened with similar complexes previously made by the 
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group. Another factor which will have affected the results is precipitation at lower 
temperatures which will also lower the effective concentration of the sample. A remedy for 
this would be to use lower concentrations of the sample, however this would also reduce the 
visibility of the peaks in the spectrum. 
 
 
4.4. Complexes of 5-Alkylpyrazole Ligands 
Using methods previously described the ligands 2,6-di(5-ethyl-1H-pyrazol-3-yl)pyridine 
(L
10
), 2,6-di(5-isoprop-1H-pyrazol-3-yl)pyridine (L
11
), 2,6-di(5-tertbut-1H-pyrazol-3-
yl)pyridine (L
12
) and 2,6-di(5-[4-pyridyl]-1H-pyrazol-3-yl)pyridine (L
13
) were synthesised 
and their subsequent iron(II)complexes were made. Numerous crystallisation attempts on 
different salts of these complexes yielded crystals of [Fe(L
10
)2](ClO4)2 (10(ClO4)2), 
[Fe(L
11
)2](BF4)2 (11(BF4)2) and [Fe(L
12
)2](BF4)2 (12(BF4)2). However, the only case where 
sufficient data to elucidate a full structure were obtained was that of 12(BF4)2. It was not 
possible to grow any sort of crystals for x-ray diffraction of the complex 11(BF4)2 and so 
structural characterisation of this complex is limited to bulk techniques. 
 
4.4.1. [Fe(L10)2](ClO4)2·2H2O (10(ClO4)2·2H2O) 
10(ClO4)2 was determined as the dihydrate via microanalysis and yielded large red block 
like crystals from diffusion of diisopropyl ether into nitromethane solutions. These crystals 
produced good diffraction at low angles which diminished at higher angles, and so data 
were collected at 100 K using the more intense diamond light source with the hope of 
collecting sufficient data to obtain a structure. However it proved difficult to find the unit 
cell using the data, which suggests that these crystals could be twinned and thus difficult to 
solve. The best solution came from the cubic space group Fm-3c (a = b = c = 46.6618(5) Ǻ, 
α = β = γ = 90°, V = 101598.1(18) Ǻ3). While a solution for the ligand complex cation 
structure can be resolved it is not chemically plausible and there are a number of large q-
peaks which cannot be reasonably assigned. A powder pattern obtained also showed that the 
bulk sample of this complex was completely amorphous and no peaks could be 
unambiguously resolved.  
Despite this lack of structural data variable temperature magnetic susceptibility 
measurements of this sample from 4-350 K were recorded (Figure 4.19). These data show 
that the χMT gradually increases from around 2.7-3.0 cm
3
mol
-1
K which indicated that not all 
of the iron centres are in the HS state, however if the temperature were increased further it is 
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possible this could be achieved. As the temperature is decreased χMT again decreases 
gradually but remains slightly higher than the initial warming cycle. This anomaly could be 
due to a loss of solvent at elevated temperatures which could accompany a phase change as 
is quite common in complexes of this type.
[6]
 The χMT of the sample then continues to 
decrease gradually until the gradient changes at around 140 K, where it almost seems to 
plateau before the zero point splitting effect causes an abrupt drop at around 20 K. Just 
above 20 K, χMT has a value of approximately 1.5 cm
3
mol
-1
K indicating that around 40% of 
the iron centres remain HS, which could be due to a HS phase impurity being present. The 
warming profile back to 300 K is identical to the cooling so there is no evidence of highly 
cooperative effects causing hysteresis in this complex. The linear shape of this χMT vs T 
curve is also quite unusual in SCO complexes, which often show a more sigmoidal curve. 
 
 
Figure 4.19 
χMT vs T data for 10(ClO4)2·2H2O. Collected at a scan rate of 2 K min
-1
 in sweep mode. 
 
4.4.2. [Fe(L12)2](BF4)2·1.5CF3CH2OH·0.7(C2H5)2O 
(12(BF4)2·1.5CF3CH2OH·0.7(C2H5)2O) 
12(BF4)2 yielded small yellow crystals via slow vapour diffusion of diethyl ether into a 
trifluoroethanol solution and was found to crystallise in the orthorhombic space group 
P212121 (a = 17.588(2); b = 19.509(2); c = 32.399(5) Å, α = β = γ = 90º, V = 11117(2) Å
3
). 
The asymmetric unit contains two formula units in addition to three positions containing 
partially occupied trifluoroethanol and one partially occupied and disordered diethyl ether 
position giving the formula of roughly 12(BF4)2·1.5CF3CH2OH·0.7(C2H5)2O (Figure 4.20). 
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The microanalysis approximates as approximately the mono-trifluoroethanol solvate, 
indicating that the volatile diethyl ether has been lost. The two dication molecules are quite 
similar and both show large distortion in the angle between the two ligand planes, θ, and 
some of the ligand planes themselves deviate significantly from planarity (Figure 4.21). 
This distortion is more pronounced in molecule A and could be a result of some close 
intermolecular interactions within the crystal lattice. Each pyrazolyl NH group donates a 
hydrogen bond to the fluorine of a BF4
-
 anion which in turn accepts a hydrogen bond from 
one other pyrazolyl NH group on another cation (Figure 4.20, Table 4.8). On each dication 
two of these linkages are to crystallographically inequivalent dications (i.e. A···B) and these 
connections form four-fold helices in the direction of the crystallographic c axis, while the 
other two linkages are to equivalent dications (i.e. A···A, B···B) which link the helices 
together in an interpenetrating manner.  
 
 
Figure 4.20 
Crystal structure of 12(BF4)2·1.5CF3CH2OH·0.7(C2H5)2O showing the hydrogen bond connections 
between adjacent molecules. Hydrogens not participating in interactions, solvent molecules and the 
tertbutyl groups have all been omitted for clarity. Symmetry codes: (i) -1/2+x, 1/2+y, -z; (ii) 1/2-x, 1-
y, 1/2+z; (iii) 1-x, 1/2+y, 1/2-z; (iv) 1/2+x, 1/2-y, -z; (v) 1/2-x, 1-y, -1/2+z. 
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Figure 4.21 
View of each unique cation A (top)and B (bottom) of 12(BF4)2·1.5CF3CH2OH·0.7(C2H5)2O. Thermal 
ellipsoids are set at 50% probability, disordered tertbutyl groups are shown only in one position and 
hydrogens have been omitted for clarity.  
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Table 4.8 
Distances for hydrogen bonding interactions in 12(BF4)2·1.5CF3CH2OH·0.7(C2H5)2O. 
 
 
Table 4.9 
Selected geometric parameters for the iron centres in 12(BF4)2·1.5CF3CH2OH·0.7(C2H5)2O. 
 
 
It can be seen from the geometric parameters that both these iron centres are fully HS at 150 
K, and this probably reflects the large distortion and steric constraints of the crystal lattice 
preventing access to the LS state in a similar manner to that seen in 6(BF4)2 and 6(ClO4)2 
(Table 4.9). Contrasting to this a powdered sample was seen to undergo a very gradual 
transition from 5-100 K, however the values of χMT were abnormally high and PXRD 
showed that the powdered phase was not the same phase as the single crystal (Figure 4.22, 
Figure 4.23). The difference in phase is probably due to loss of solvent in the powdered 
Interaction Distance (Å)
N(10A)-H(10A)···F(56) 2.886(5)
N(19A)-H(19A)···F(66) 2.728(16)
N(34A)-H(34A)···F(51) 2.846(6)
N(43A)-H(43A)···F(58) 2.787(5)
N(10B)-H(10B)···F(61) 2.799(5)
N(19B)-H(19B)···F(52) 2.769(6)
N(34B)-H(34B)···F(64) 2.827(5)
N(43B)-H(43B)···F(68) 2.829(8)
Fe(1A) Fe(1B)
Fe-PyN (Å) 2.138(4) 2.168(3)
Fe-PzN (Å) 2.205(4) 2.246(3)
α(°) 148.40(14) 146.98(14)
θ(°) 68.01(4) 71.70(3)
φ(°) 170.30(13) 171.82(13)
Σ(°) 158.53 172.29
Θ(°) 342.80 340.9
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sample as the diethyl ether will be readily lost from the sample due to its high vapour 
pressure, especially at the elevated operating temperature of the diffractometer. This curve 
also has a very linear shape similar to that observed for 11(BF4)2 which again is unusual for 
a SCO complex.  
 
 
Figure 4.22 
χMT vs T data for the bulk sample of 12(BF4)2 CF3CH2OH. Collected at a scan rate of 2 K min
-1
 in 
sweep mode. 
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Figure 4.23 
PXRD data for 12(BF4)2 CF3CH2OH (black) compared with the powder pattern calculated from the 
crystal structure. 
 
It was seen that in acetone solution 12(BF4)2 stays fully HS from 320-220 K, then begins to 
undergo a gradual transition beginning at around 220 K (Figure 4.24). Because the main 
slope of the transition occurs outside the temperature range it is difficult to accurately 
extrapolate a value for T1/2 to compare with the solid state measurements.  
 
Figure 4.24 
χMT vs T for 12(BF4)2 in (CD3)2CO solution via the Evans NMR method. Calculated using the shift in 
the acetone peak. 
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4.5. Complexes of Asymmetric Ligands L14 and L15 
The ligands 2-(5-tertbutyl-1H-pyrazol-3-yl)-6-(5-methyl-1H-pyrazol-3-yl)-pyridine (L
14
) 
and 5-[6-(5-tert-Butyl-1H-pyrazol-3-yl)-pyridin-2-yl]-2H-pyrazol-3-ylamine (L
15
) were 
both used to make their respective iron(II) salts. [Fe(L
14
)2](BF4)2 (14(BF4)2) and 
[Fe(L
15
)2](ClO4)2 (15(ClO4)2) were then screened for any spin crossover behaviour. 
 
4.5.1. [Fe(L14)2](BF4)20.25CF3CH2OH·2.6(C2H5)2O 
(14(BF4)20.25CF3CH2OH·2.6(C2H5)2O) 
Crystals of 14(BF4)20.25CF3CH2OH·2.6(C2H5)2O suitable for x-ray diffraction were 
obtained via slow vapour diffusion of diethyl ether into a trifluoroethanol solution to afford 
14(BF4)2·0.25CF3CH2OH·2.6(C2H5)2O which crystallised in the monoclinic space group 
P21/c (a = 15.1739(5); b = 17.9832(6); c = 19.9978(7) Å, α = 90°, β = 95.117(1)°, γ = 90°, V 
= 5435.2(3) Å
3
). The asymmetric unit contained one formula unit and four positions 
containing solvent molecules, two of which are partially occupied (Figure 4.25). The fully 
occupied solvent sites contain diethyl ether molecules with the oxygen forming a hydrogen 
bonding interaction with the pyrazolyl NH, H(16) and H(37) while the other pyrazolyl NH 
groups form hydrogen bonding interactions anions in the asymmetric unit (Table 4.10). 
These hydrogen bonds do not link adjacent dications and so do not form any long range 
hydrogen bonding networks. On this basis any spin transition which may occur in this 
solvate is expected to be gradual.  
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Figure 4.25 
Asymmetric unit of 14(BF4)2·0.25CF3CH2OH·2.6(C2H5)2O showing hydrogen bonding motifs. 
Thermal ellipsoids are set to 50% probability. Solvent molecules and hydrogens not taking part in 
any interactions have been omitted, and only one position of disordered fragments are shown. 
 
Table 4.10 
Distances for hydrogen bonding interactions in 14(BF4)2·0.25CF3CH2OH·2.6(C2H5)2O. 
 
 
Interaction Distance (Å)
N(10)-H(10)···F(45) 2.989(9)
N(16)-H(16)···O(56) 2.867(8)
N(31)-H(31)···F(50) 2.801(9)
N(37)-H(37)···O(61) 2.796(9)
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Table 4.11 
Selected geometric parameters for 14(BF4)2·0.25CF3CH2OH·2.6(C2H5)2O. 
 
 
It can be seen from the values of the Fe‒N bond lengths and distortion parameters that this 
complex is HS at 110 K, although there is very little distortion in the trans angle, φ, and 
ligand plane twist angle, θ, unlike those seen in the complexes of L6 and L12 (Table 4.11). 
Variable temperature magnetic susceptibility measurements in the solid state recorded using 
a SQUID magnetometer in a field of 5 kG show a gradual, linear transition almost identical 
in form to that seen for 10(ClO4)2 apart from reaching a higher value for χMT of 3.6 cm
3
mol
-
1
K (Figure 4.26). χMT also only reaches a minimum value of 1.9 cm
3
mol
-1
K, suggesting that 
there is a HS phase impurity which is responsible for the zero field splitting at lower 
temperatures. An attempt at obtaining a powder pattern of the bulk sample used for the 
SQUID measurements showed that the material was amorphous and so is unlikely to be the 
same solvate as seen in the crystal structure. This was probably a result of the volatility of 
the diethyl ether and it was seen that single crystals of 
14(BF4)2·0.25CF3CH2OH·2.6(C2H5)2O lost their crystallinity if not placed under the 
cryostream promptly. The microanalysis for this complex also indicates that the bulk sample 
actually consists of 14(BF4)20.5CF3CH2OH, suggesting a slightly different solvate which 
could have resulted from the loss of diethyl ether and some trifluoroethanol. 
 
14(BF4)2·0.25CF3CH2OH·2.6(C2H5)2O
Fe-PyN (Å) 2.118(3)
Fe-PzN (Å) 2.186(3)
α(°) 149.0286(13)
θ(°) 88.7960(8)
φ(°) 174.3261(2)
Σ(°) 140.05
Θ(°) 343.83
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Figure 4.26 
χMT vs T data for the bulk sample of 14(BF4)20.5CF3CH2OH. Collected using a scan rate of 2 K min
-1
 
in settle mode. 
 
 
Figure 4.27 
χMT vs T data for 14(BF4)2 in (CD3)2CO solution. Calculated using the shift in the TMS peak.  
 
The magnetic susceptibility measurements in acetone solution via the Evans method show 
an almost complete and gradual transition centred around T1/2 = 230 K (Figure 4.27). This is 
a much higher transition temperature than for 12(BF4)2 which only just begins to switch at 
220 K and this shows the importance of inductive effects of the groups on the pyrazolyl C5 
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position. The donation of additional electron density from the extra tertbutyl group seems to 
help to stabilise the HS state in solution assuming that no interactions with the solvent are 
also contributing. This seems unlikely, however, as acetone is a good hydrogen bond 
acceptor and may form interactions with the pyrazolyl NH groups. 
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4.5.2. [Fe(L15)2](ClO4)2·0.5C7H8 CH3NO2 (15(ClO4)2·0.5C7H8 CH3NO2) 
Complexes of L
15
 proved difficult to isolate in sufficient purity as when the solvent was 
removed they had a tendency to form a viscous brown liquid, suggesting that some solvent 
remained. A solid was eventually isolated by sonication in toluene, although because of its 
low vapour pressure toluene could not be used in slow vapour diffusion and there was 
difficulty in obtaining crystals suitable for x-ray diffraction. Luckily an NMR sample which 
had been left for a few months appeared to contain small, pale yellow block like crystals 
which showed very strong diffraction, and a structure was obtained. It was found to 
crystallise in the triclinic space group P-1 (a = 12.8934(4); b = 14.9852(5); c = 16.5729(6) 
Å, α = 114.034(3)°, β = 99.858(3)°, γ = 95.295(3)°, V = 2834.19(19) Å3). The asymmetric 
unit contained one formula unit of the expected complex and four acetone-d6 solvent 
molecules, two of which are accepting hydrogen bonds from tertbutylpyrazole NH of 
separate ligands (Figure 4.28, Table 4.12). One of the aminopyrazolyl NH groups donates a 
hydrogen bond to a ClO4
-
 anion, although this interaction does not link adjacent complex 
dications. Unexpectedly when the structure is grown it can be seen that adjacent pairs of 
molecules interlock and the ligand molecules are covalently linked via the formation of a 
ring at the aminopyrazolyl groups of two adjacent dications. The two ligands in the 
asymmetric unit are similar but symmetrically inequivalent. Each ligand forms a 6 
membered ring with its symmetrically inequivalent ligand in an adjacent molecule in an AB 
fashion, to give discrete pairs of complex dications linked by the formation of two of these 
rings (Figure 4.29, Figure 4.30). This modified ligand, L
15a
, gives a dinuclear iron complex 
of the type [Fe2(L
15a
)2](ClO4)4·8(CD3)2CO.  
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Figure 4.28 
Asymmetric unit of [Fe2(L
15a
)2](ClO4)4·8(CD3)2CO showing hydrogen bonding interactions. Thermal 
ellipsoids are set at 50% probability and hydrogens not taking part in any interactions have been 
omitted. Disordered tertbutyl groups have only been shown in one orientation. Symmetry codes: (i) –
x, -y, -z. 
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Figure 4.29 
View of the covalent bonding between adjacent dication pairs in the structure of 
[Fe2(L
15a
)2](ClO4)4·8(CD3)2CO. Symmetry codes: (ii) –x, -y, 1-z.  
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Figure 4.30 
View of the structure of [Fe2(L
15a
)2](ClO4)4·8(CD3)2CO distinguishing the two separate covalently 
linked ligands. 
 
Table 4.12 
Distances for the hydrogen bonding interactions in the structure of [Fe2(L
15a
)2](ClO4)4·8(CD3)2CO. 
 
 
Interaction Distance (Å)
N(1)-H(1)···O(9) 2.839(3)
N(5)-H(5)···O(4) 2.809(3)
N(6)-H(6)···O(1) 3.021(3)
N(7)-H(7)···O(10) 2.920(3)
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Table 4.13 
Selected geometric parameters for the iron centre in [Fe2(L
15a
)2](ClO4)4·8(CD3)2CO. 
 
 
It can be seen that the Fe‒N bond lengths obtained from the crystal structure are of a length 
typical of a fully HS iron(II) complex. There is a particularly large value for the rhombic 
distortion parameter, Σ, which is significantly larger than that seen for complexes of L5, L6, 
L
12
 and L
14
 which are all below 200º and is a general indication of a distortion away from an 
octahedral geometry (Table 4.13).
[21]
 Some of these distortions could be attributed to steric 
clashes of the tertbutyl groups in this complex and could also the reason for disorder in one 
of these groups.  
Each ring appears to have formed by a reaction involving two acetone molecules, but 
analysis on [Fe2(L
15a
)2](ClO4)4·8(CD3)2CO formed is limited due to the sample size being so 
small. Further confirmation of the structure comes from the mass spectrum, which showed a 
peak at m/z 656.46 corresponding to the ligand L
15a
 with the new ring containing deuterium 
instead of hydrogen. Separate solutions of ligand and complex were made in acetone and 
monitored over a number of weeks via ES
+
 mass spectrometry in order to determine whether 
this is a property of the ligand itself or if the iron facilitates the formation of these rings in 
some way. Although the spectra of both solutions did appear to get more convoluted over 
time, indicating that something is changing, no peaks were found that corresponded to L
15a
 
or any chemically feasible intermediates to its formation. Attempts were also made to speed 
up the reaction by heating an acetone solution of L
15
 in the presence of a base (potassium 
tertbutoxide) and the progress of the reaction was monitored via HPLC-MS. After 12 hours 
a mixture of products had formed with a major peak at m/z 381.2, which could correspond 
to an intermediate where a ring has formed on one side of L
15
. It is possible that the amino 
group on another ligand could attack and displace the hydroxyl group on the newly formed 
ring. This reaction would have to take place in the presence of catalytic amounts of H
+
, and 
[Fe2(L
15a
)2](ClO4)4·8(CD3)2CO
Fe-PyN (Å) 2.126(2)
Fe-PzN (Å) 2.195(2)
α(°) 148.18(8)
θ(°) 80.26(2)
φ(°) 174.19(8)
Σ(°) 259.31
Θ(°) 343.93
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this could be the reason that none of L
15a
 was observed in this strongly basic reaction 
mixture, even after a four day reflux (Scheme 4.1). No single product was isolated from this 
mixture so unfortunately further analysis could not be carried out on this intermediate to 
unambiguously confirm its presence.  
 
 
Scheme 4.1 
Proposed mechanism for part of the formation of L
15a
. 
 
 
4.6. Complexes of 2,6-Di(1H-pyrazol-3-yl)pyridin-4-ylamine (L16) 
The iron perchlorate complex of L
16
 (16(ClO4)2 was made by stirring L
16
 and iron 
perchlorate hydrate in methanol, and a precipitate was formed by addition of diethyl ether. 
Microanalysis indicated that the bulk sample of this complex is unsolvated, however the 
only crystals suitable for x-ray diffraction were obtained via slow vapour diffusion of 
diisopropyl ether into a pyridine solution. This complex crystallised in the monoclinic space 
group I2/a (a = 23.5787(9); b = 9.7022(4); c = 21.2623(10) Å, α = 90°, β = 101.235(4)°, γ = 
90°, V = 4770.9(4) Å
3
). The asymmetric unit contained half a molecular unit and two 
molecules of pyridine, giving the formula 16(ClO4)2·4C5H5N (Figure 4.31). Each of the four 
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pyridine molecules accept a hydrogen bond from the pyrazolyl NH groups of the dication, 
while the amino groups on the ligand backbone each donate one hydrogen bond to a ClO4
-
 
anion (Figure 4.31, Table 4.14). The iron centre lies on a 2-fold rotoinversion axis which 
runs along the crystallographic c axis and intersects the complex dication at 45º to each 
ligand in the equatorial plane.  
 
 
Figure 4.31 
Asymmetric unit of 16(ClO4)2·4C5H5N showing hydrogen bonding. Thermal ellipsoids are set at 50% 
probability and hydrogens not taking part in any interactions have been removed. Symmetry codes: 
(i) 1-x, 1/2+y, 3/2-z; (ii) 1/2-x, +y, 1-z.  
 
Table 4.14 
Distances for the hydrogen bonding interactions in the structure of 16(ClO4)2·4C5H5N. 
 
 
Interaction Distance (Å)
N(1)-H(1)···N(8) 2.769(7)
N(5)-H(5)···N(7) 2.822(6)
N(6)-H(6A)···O(4) 2.977(6)
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Table 4.15 
Selected geometric parameters for the iron centre in 16(ClO4)2·4C5H5N. 
 
 
It can be seen from the Fe‒N bond lengths that this complex in this particular tetrapyridine 
solvate is fully HS at 100 K however the other bond angle, especially the plane twist angle, 
θ, and the trans angle, φ, show very little deviation from the ideal octahedral geometry 
(Table 4.15). Variable temperature measurements of the bulk phase from methanol/diethyl 
ether shows a gradual transition where only approximately 70% of the iron centres reach 
their LS state at 10 K, and some differences in the gradient at around 250 K indicate that 
some structural changes may be taking place (Figure 4.32). The analogous 1-bpp complex 
does not show any interesting SCO behaviour, however this does not necessarily mean that 
the 3-bpp complex has no potential for SCO, as the added amino group offers additional 
hydrogen bond donors and an acceptor.
[28]
 There may be a solvate or polymorph of this 
structure which undergoes a cooperative transition, although from multiple crystallisation 
attempts with different solvents the only structure obtained was the pyridine solvate. 
It would have been interesting to further modify this pyridyl C4 position in order create new 
topologies and compare their SCO behaviour with their 1-bpp analogues, however due to 
the low yielding synthetic procedure for L
16
 this was not possible.  
 
16(ClO4)2·4C5H5N
Fe-PyN (Å) 2.122(4)
Fe-PzN (Å) 2.226(4)
α(°) 147.38(14)
θ(°) 87.50(6)
φ(°) 179.3(2)
Σ(°) 148.32
Θ(°) 341.96
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Figure 4.32 
χMT vs T data for 16(ClO4)2. Collected using a scan rate of 2 K min
-1
 in sweep mode. 
 
 
4.7. Complexes of the Ligands 2,6-Di(4-chloro-1H-pyrazol-3-yl)-pyridine 
(L
17
) and 2,6-Di(4-bromo-1H-pyrazol-3-yl)-pyridine (L
18
) 
The iron(II) perchlorate complexes were made for both 2,6-di(4-chloro-1H-pyrazol-3-yl)-
pyridine (L
17
) and 2,6-di(4-bromo-1H-pyrazol-3-yl)-pyridine (L
18
) were made by stirring 
the respective ligands in a methanol solution of iron(II) perchlorate hydrate. Crystals of 
[Fe(L
18
)2](ClO4)2·2CH3OH (18(ClO4)2·2CH3OH) suitable for x-ray diffraction of each were 
obtained via slow vapour diffusion of diisopropyl ether into a methanol solution and were 
shown to be the dimethanol solvate. [Fe(L
18
)2](ClO4)2·2CH3OH (18(ClO4)2·2CH3OH) was 
found to crystallise in the triclinic space group P-1 (a = 8.9025(4); b = 12.5712(6); c = 
15.5796(7) Å, α = 78.555(4)°, β = 86.543(4)°, γ = 80.986(4)°, V = 1687.05(14) Å3). The 
asymmetric unit contained one formula unit (Figure 4.33). On each ligand a pyrazolyl NH 
donates a hydrogen bond to the oxygen of a perchlorate anion, while the other donates a 
hydrogen bond to the oxygen of a methanol molecule (Table 4.16). The methanol molecules 
then donate a hydrogen bond to an adjacent perchlorate and so adjacent dication molecules 
are linked via MeOH···ClO4
-
 linkages with the complex molecules interlocking to form a 1-
D ladder type topology diagonally across the unit cell (Figure 4.34). The large bromine 
groups on the ligand backbone may prevent the ligands from getting close enough to one 
another to facilitate π-π interactions between the pyrazolyl groups, with the distance 
Chapter 4 
 
156 
 
between the least square planes being 4.284(3) Å (Figure 4.35). To our knowledge there are 
no isostructural 1-bpp analogues of these complexes.  
The Fe‒N bond lengths are significantly shorter than those seen for the previous complexes 
and along with the smaller value for the rhombic distortion parameter, Σ, suggests that this 
complex is fully LS at 120 K in the solid state as this particular polymorph (Table 4.17). 
This accessible LS state together with the cooperative interactions described above make 
this complex a particularly interesting sample to study for SCO.  
 
Figure 4.33 
Asymmetric unit of 18(ClO4)2·2CH3OH showing hydrogen bonding interactions. Thermal 
displacement ellipsoids are set at 50% probability and hydrogens not participating in any interactions 
have been omitted. Symmetry codes: (i) -1-x, 2-y, -z; (ii) –x, 1-y, 1-z; (iii) -1+x, +y, +z. 
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Figure 4.34 
View of the chain forming hydrogen bonding interactions in the structure of 18(ClO4)2·2CH3OH. 
 
 
Figure 4.35 
Spacefill view of the pseudo-terpyridine embrace in the structure of 18(ClO4)2·2CH3OH. 
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Table 4.16 
Distances for the hydrogen bonding interactions in the structure of 18(ClO4)2·2CH3OH. 
 
 
Table 4.17 
Selected geometric parameters for the iron centre in 18(ClO4)2·2CH3OH. 
 
 
The bulk samples approximate as 17(ClO4)2 and 18(ClO4)2·CH3OH via microanalysis. 
While there is no crystal structure to compare to 17(ClO4)2, the loss of one equivalent of 
methanol in 18(ClO4)2·CH3OH could be due to exposure to the atmosphere.  
Although the PXRD data for this sample are not particularly high resolution it can be seen 
that it is significantly different from the powder patter calculated from the crystal structure 
(Figure 4.36). This powder pattern was compared to that obtained for 17(ClO4)2 to check for 
any similarities between the two structures but the pattern obtained showed that although the 
sample looked crystalline 17(ClO4)2 was almost completely amorphous (Figure 4.37). One 
Interaction Distance (Å)
O(8)-H(8)···O(16) 2.936(4)
O(11)-H(11)···O(21) 2.975(6)
N(12)-H(12)···O(8) 2.724(5)
N(13)-H(13)···O(14) 2.788(5)
N(25)-H(25)···O(19) 2.922(5)
N(35)-H(35)···O(11) 2.715(5)
18(ClO4)2·2CH3OH
Fe-PyN (Å) 1.920(3)
Fe-PzN (Å) 1.968(3)
α(°) 158.66(13)
θ(°) 88.14(3)
φ(°) 177.77(12)
Σ(°) 93.17
Θ(°) 352.11
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broad peak was resolved however and would indicate that these two samples are not 
isostructural.  
 
 
Figure 4.36 
PXRD data for 18(ClO4)2·CH3OH (black) compared with the powder pattern calculated from the 
crystal structure.  
 
 
Figure 4.37 
PXRD data obtained for 17(ClO4)2 (black) and 18(ClO4)2·CH3OH (red). 
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The variable temperature magnetic susceptibility for this sample shows that it remains in the 
LS state from 3-350 K (Figure 4.38). A transition may occur at higher temperatures 
however the maximum temperature was limited by the SQUID magnetometer. The gradual 
increase in χMT observed with increasing temperature likely due to the sample not being 
properly centred in the magnetometer. This is common in diamagnetic samples, as the 
magnetometer centres the sample to the maximum signal which isn’t obvious in 
diamagnetic samples. This diamagnetic character could be a result of the large bromide 
groups on the pyrazolyl backbone which may not accommodate a more highly distorted HS 
iron(II) centre. 
 
Figure 4.38 
χMT vs T data for 18(ClO4)2·CH3OH. Collected using a scan rate of 2 K min
-1
 in sweep mode. 
 
 
4.8. Conclusions 
A series of complexes have been synthesised from novel ligands in an attempt to create 
cooperative SCO complexes with abrupt spin transitions and their structures have been 
analysed. The complexes of L
5
 show complex hydrogen bonding through both the pyrazolyl 
NH and amino substituents which connect to neighbouring dications through perchlorate 
anions that interosculate creating a 3-dimensional network similar to a fluorite topology. 
This hydrogen network does seem to be responsible for cooperativity and hysteresis in the 
bulk sample, however due to the unstable nature of this complex towards oxidation variable 
temperature magnetic measurements on a phase pure sample could not be obtained. 
Chapter 4 
 
161 
 
Converting the amino groups to secondary amides bearing alkyl substituents gives 
complexes which are much more stable towards oxidation, however the 3 dimensional 
hydrogen bonding networks are lost in complexes of L
6
 which give a 1 dimensional ladder 
type topology. This type of cooperativity may still have had an effect on the abruptness of 
the spin transition, however it was seen in the crystal structure that the bulky substituents on 
the pyrazolyl groups lead to a large distortion in the coordination sphere, one which favours 
the HS state. In order to access the LS state the complex would have to move to a more 
ideal octahedral geometry, a movement which would not be accommodated by the lattice 
and so a phase change would be necessary. In this case it seems that the energy barrier for 
this change is too high, therefore this complex remains trapped in the HS state.  
Complexes of the alkylpyrazole ligands generally showed gradual spin transitions indicating 
a lack of cooperativity in the crystal lattice. While the crystal structure of the 12(BF4)2 
solvate showed extensive 3 dimensional hydrogen bonding networks the iron appears to 
remain LS at 150 K, probably due to similar steric constraints in the lattice as for 6(BF4)2. 
Interestingly replacing a tertbutyl group on one pyrazolyl arm of this ligand with a methyl 
group appears to stabilise the HS state by inductive effects, and raises the T1/2 of the 
respective iron complex considerably in acetone solution. Similarly the addition of electron 
donating groups such as amino or alkyl groups appears to stabilise the HS state, compared 
to electron withdrawing groups such as in L
6
 which appear to stabilise the LS state (Figure 
4.39). Based on the inductive effects of the substituents the opposite trend is expected and is 
observed in the 1-bpp series.
[8]
 This effect remains unexplained and perhaps density 
functional calculations may shed light on this behaviour. 
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Figure 4.39 
Comparison of the Evans data for [Fe(3-bpp)2]
2+
 (), 142+ (●), 152+ (○), 122+ () and 52+ ().  
 
An interesting and unexpected reaction was observed in the iron complex of the 
unsymmetrical ligand L
15
 that appeared to involve a ring formation with two molecules of 
acetone at the NH and amino groups on the aminopyrazolyl moiety, giving pairs of complex 
dications linked by covalently bonded ligand dimers. Because only small amounts of this 
crystalline sample were obtained further analysis including variable temperature magnetic 
susceptibility could not be conducted, and attempts to make a bulk sample of this complex 
were unsuccessful. It was however shown that a possible intermediate in this reaction can be 
detected by refluxing the ligand in acetone in the presence of a base and this shows that the 
reaction can proceed in the absence of iron.  
A crystal structure of a complex of the ligand L
16
 showed that the amino group on the 
pyrazolyl C4 position does not lead to any 3 dimensional hydrogen bonding networks and 
this complex shows a gradual, uncooperative spin transition. It would have been interesting 
to investigate the effect of a number of different substituents at this position however this 
was not possible due to synthetic problems with this type of ligand. 
Finally the isostructural complexes of the 4-halopyrazole ligands were the only complexes 
in this chapter which were seen to be in their LS state at 150 K, and show 1-dimensional 
hydrogen bonding networks with an interlocking of adjacent cations. The variable 
temperature magnetic susceptibility of the 4-bromopyrazole complex shows that it remains 
fully LS between 3-350 K. This could be a steric effect of the large bromide atoms close to 
the coordination sphere. 
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All of the crystal structures obtained of these complexes have contained large amounts of 
lattice solvent, and it has proved difficult to replicate most of these in the bulk sample with 
PXRD measurements showing either a different phase or a completely amorphous material. 
In all but one of these complexes the solvent molecules form hydrogen bonding interactions 
and in some cases these lead to interesting topologies which extend throughout the lattice. 
The presence of absence of these interactions will affect the cooperativity of a spin 
transition and is one of the major hurdles when systematically searching for new SCO 
materials. 
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Chapter 5  
 
Iron(II) Complexes Incorporating 2,6-Di(5-
methyl-1H-pyrazol-3-yl)pyridine and Resulting 
Perchlorate and Tetrafluoroborate Solid 
Solutions 
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5.1. Introduction 
One particular 3-bpp derivative which has produced extremely interesting iron(II) 
complexes is 2,6-di(5-methyl-1H-pyrazol-3-yl)pyridine (L
9
). Many of the novel ligands 
described in this thesis were made in an attempt to imitate and improve understanding of the 
factors which make L
9
 such a suitable ligand for iron(II) SCO complexes. Firstly the 
complex [Fe(L
9
)2](BF4)2 (9(BF4)2) was synthesised and found to exist as either a dihydrate 
(9(BF4)2·2H2O) or one of two dehydrated phases. One of these dehydrated phases was 
obtained by anhydrous crystallisation bearing a similar structural resemblance to 
9(BF4)2·2H2O and the other was obtained by heating to 350 K under aerobic conditions.
[1]
 
All three of these structures showed a pseudo terpyridine embrace motif but single crystal 
and PXRD data show that each of these belong to different space groups. This is not 
uncommon as this type of lattice arrangement is known to exist in a number of different 
variations.
[2-4]
  
 
 
Figure 5.1 
2,6-di(5-methyl-1H-pyrazol-3-yl)pyridine (L
9
) 
 
Cooling 9(BF4)2·2H2O to 2 K and warming back to 300 K results in a roughly constant 
value for χMT of 1.7 cm
3
mol
-1
K which indicates a ratio of 1:1 HS:LS states in the sample, 
with a slight gradual increase when approaching 300 K. Warming the sample past 300 K 
gives an abrupt increase in χMT to 3.4 cm
3
mol
-1
K, a value which is consistent with a fully 
HS state. This thermally accessible HS state adopts a different phase to both the dihydrate 
and the dehydrate obtained by crystallisation. This new dehydrated phase then undergoes an 
abrupt spin transition to a fully LS state with a wide thermal hysteresis width of 65 K 
centred at 204 K (Figure 5.2). There are few examples of wider thermal hysteresis widths in 
the literature. Of these few examples the hysteresis widths range from 70 K to around 100 K 
under high pressure and are thought to be a result of the formation of metastable phases and 
high cooperativity owing to intermolecular hydrogen bonding networks.
[5-8]
 In the case of 
9(BF4)2 the abruptness and hysteretic nature of the transition was believed to be due to a 
sequence of three phase changes elucidated via powder diffraction, with only one of these 
being the LS phase of the sample. 
Chapter 5 
 
168 
 
In 9(BF4)2 the thermal hysteresis width appears to be dependent on the history of the sample 
and repeated thermal scanning causes increased abruptness and a narrowing of the 
hysteresis width from 65 K – 37 K without affecting the transition temperature. It is not 
unheard of for thermal cycling of SCO complexes to trigger a gradual change to a phase 
with different SCO properties. However in this case the proposed cause of this phenomenon 
is that the repeated thermal cycling and continuous phase changes results in more crystal 
defects, smaller domains and a truer powder.
[9]
 This is also the reason why the hysteresis 
loop stabilises after a number of scans (Figure 5.3).  
 
 
Figure 5.2 
χMT vs T curves for 9(BF4)2·2H2O at a rate of 2 Kmin
-1
 in settle mode. (i) Cooling from 300-2 K; (ii) 
Warming from 2-350 K; (iii) Cooling from 350-2 K; (iv) Warming from 2-350 K.
[1]
 Copyright © 
2011, Royal Society of Chemistry. 
 
  
Figure 5.3 
Repeated thermal scanning of a fresh sample (left) and a repeatedly dehydrated and rehydrated 
sample (right) at a scan rate of 2 Kmin
-1
 in settle mode. Scan 1 (●); scan 2 (○); scan 3 (●);scan 4 (■); 
scan 5 (); scan 6 (■).[1] Copyright © 2011, Royal Society of Chemistry. 
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Interestingly, crystal structures and powder diffraction data show that the perchlorate salt of 
this complex, 9(ClO4)2, crystallises in isostructural hydrated and dehydrated phases to the 
tetrafluoroborate salt, however these phases show different magnetic behaviour.
[10]
 While 
9(BF4)2·2H2O formed by slow crystallisation from methanol/diethyl ether showed a 1:1 
HS:LS ratio that remained unchanged from 2-300 K in cooling and warming modes, the 
isostructural perchlorate hydrate contains an ~85% HS fraction at 300 K and undergoes a 
complex hysteretic transition to afford a fully LS state at 110 K. In the cooling mode the 
sample undergoes an irregular decrease in χMT until a sudden drop at 265 K which is 
thought to be associated with a phase transition. χMT then continues to decrease irregularly 
until 120 K where an abrupt hysteretic transition to the fully LS state occurs (Figure 5.4). It 
is not clear from PXRD data whether or not a phase transition is responsible for the latter 
change in χMT. Furthermore the isostructural dehydrated perchlorate and tetrafluoroborate 
salts obtained by thermal dehydration are both fully HS at 350 K, and both transition to 
isostructural HS phases between 295-303 K. However while the tetrafluoroborate undergoes 
two more phase changes below 295 K, the last of which leads to a fully LS phase, the 
perchlorate salt remains in the same fully HS phase over the entire temperature range and is 
devoid of any kind of spin transition.  
 
 
Figure 5.4 
χMT vs T curves for 9(ClO4)2·2H2O (■) and 9(ClO4)2 (■) recorded at a scan rate of 2 Kmin
-1
 in settle 
mode.
[10]
 Copyright © 2011, Royal Society of Chemistry. 
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In light of these results it was in our interest to co-crystallise these two salts in differing 
proportions using the same recrystallisation methods. The behaviour of the crystalline 
mixed anion samples obtained was compared to the tetrafluoroborate and perchlorate salts 
previously described. In this vein it was hoped that light could be shed on the physical 
reasons for the discrepancy between the magnetic and phase behaviour of the two 
isostructural salts, or potentially create new phases with novel SCO behaviour.  
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5.2. Synthesis 
The two salts 9(BF4)2 and 9(ClO4)2 were synthesised as previously described affording two 
red microcrystalline products.
[1, 10]
  9(BF4)2 approximates as the dihydrate by microanalysis, 
whereas 9(ClO4)2 was obtained as the dehydrate. These salts were then weighed out in 
molar proportions of 9:1, 3:1, 1:1 and 1:3 (all ratios in this work are quoted as BF4
-
:ClO4
-
) 
and dissolved fully in a small amount of methanol. These were then set up for slow vapour 
diffusion with diethyl ether to give large red plates, some of which were kept for structure 
determination via x-ray crystallography while the majority of the crystals were ground to 
make the bulk sample. It was on the bulk sample that variable temperature magnetic 
susceptibility measurements and powder diffraction data were obtained and the same sample 
was used for all the measurements to ensure consistency. A fresh sample of the 1:1 mixture 
was made for the repeated thermal scanning and scan rate study to ensure reproducibility. It 
was important when dissolving the salts in methanol that there was no solid remaining; if 
the solubility of the two salts differs slightly it could lead to inhomogeneity in the sample 
and molar proportions different to those intended.  
It should be noted here that it is difficult to unambiguously confirm the existence of true 
solid solutions by most common bulk techniques. Microanalysis, thermogravimetric 
analysis (TGA) and powder diffraction would give the same results for a physical mixture 
of perchlorate and tetrafluoroborate crystals as they would for solid solutions. Probably the 
only available method to confirm the existence of solid solutions is single crystal x-ray 
diffraction as the anion site should give information about the composition; however these 
data are only available under certain circumstances. Even in the case that these data are 
available, as x-ray diffraction gives an average of the atomic positions there will be no 
information on possible domain structures within the crystal (domains consisting of 
exclusively perchlorate or tetrafluoroborate). 
C,H,N and Cl microanalysis confirms that the complexes made are in the expected ratios 
and all of these mixtures approximate as their respective dihydrates. CHN analysis shows a 
difference between each of the complex mixtures and their parent salts, however this 
difference is quite small and could be caused by solvation by methanol and/or diethyl ether, 
however in each case Cl microanalysis shows the presence of chlorine from the perchlorate 
in the quantities expected. As these measurements were taken on the bulk sample, however, 
this is not evidence of co-crystallisation and the same results would be expected of a 
physical mixture of crystals.  
Thermogravimetric analyses (TGA) were conducted on the bulk samples of 9:1, 3:1, 1:1 and 
1:3 mixtures to determine the degree of solvation in the crystals (Figure 5.5). Initially all 
samples show an identical profile and gradually decrease in mass from ambient temperature 
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until 100ºC, where the mass for each stabilises at around 95.5%. After this no further 
changes take place up until 300ºC, where the 9:1 mixture % weight gradually decreases due 
to decomposition and the % weight of the 1:3 mixture decreases abruptly to around 16%, 
indicating a perchlorate explosion. The 9:1, 3:1 and 1:1 mixtures were only taken up to a 
temperature of 300°C to avoid a perchlorate explosion. The initial decrease of around 4.5% 
in each case matches quite well with that calculated for the loss of two molecules of water 
per formula unit, showing that for each of these samples the expected dihydrate has been 
obtained (Table 5.1). 
 
 
Figure 5.5 
Thermogravimetric analysis of 9:1 (), 3:1 (), 1:1 () and 1:3 (), mixtures of            
9(BF4)x(ClO4)2-x·H2O. 
 
Table 5.1 
Calculated % mass loss compared with experimental % mass loss obtained from thermogravimetric 
analysis of mixtures of 9(BF4)x(ClO4)2-x·H2O. 
 
 
Anion Ratio Calculated Mass Loss (%) Experimental Mass Loss (%)
1:3 4.86 4.22
1:1 4.66 4.32
3:1 4.80 4.90
9:1 4.78 4.66
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5.3. Single Crystal X-Ray Diffraction Data 
One of the few methods to unambiguously confirm co-crystallisation of the two salts is 
single crystal x-ray diffraction. A crystal structure of a mixed anion complex will also be 
useful to compare to the structures obtained for the isostructural tetrafluoroborate and 
perchlorate salts. Single crystal x-ray diffraction data were obtained for the 1:3, 3:1 and 9:1 
mixtures of 9(BF4)x(ClO4)2-x. In all these cases, however, the crystals used were weakly 
diffracting and gave poorly resolved data due to the large disorder in the anions. The data 
that gave the best solution was that of the 3:1 mixture at 290 K. This temperature was used 
because at lower temperatures a large proportion of the spots in the diffraction pattern did 
not match the suggested unit cell and this could be a result of cooling the sample too quickly 
in the cryostream, leading to an incomplete phase change. 
The data were solved in the tetragonal space group P42/n (a = 9.6249(16); b = 9.6249(16); c 
= 18.146(4) Å, α = β = γ = 90º, V = 1681.1(5) Å3), and appears to be isostructural to the 
dehydrated phase of 9(BF4)2 which was obtained by crystallisation in anhydrous solvents. 
This dehydration could be caused by running the crystal at a relatively high temperature 
under a stream of dry nitrogen as the microanalysis of the bulk sample approximates as the 
dihydrate, and the isostructural anhydrous tetrafluoroborate salt is known to readily take up 
atmospheric water. 
Like the parent salt structures, the dication and anion sites are intersected by four-fold 
rotoinversion axes running parallel to the crystallographic c axis, and for the dication this 
runs down the length of the Fe‒Npyridine bond resulting in an asymmetric unit containing 
quarter of a complex molecule (Figure 5.6). The disordered anion site lies on a C2 axis and 
restraints were applied to the bonds. The occupancies of BF4
-
 and ClO4
-
 refine well as 
0.75and 0.25 respectively, and it is possible to distinguish the two anion sites because of the 
significantly larger electron density of Cl compared to B. This serves to support the notion 
that this particular sample is a co-crystalline product containing both tetrafluoroborate and 
perchlorate anions within the crystal lattice, rather than a mixture of separate crystals. This 
structure exhibits the same terpyridine embrace packing motif which is usually associated 
with cooperative spin transitions (Figure 5.7). Therefore any discrepancy in the magnetic 
measurements and powder diffraction is likely to be caused by perturbations caused by the 
mixed anion sites. 
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Figure 5.6 
Crystal structure of the 3:1 mixture of 9(BF4)x(ClO4)2-x. Thermal displacement ellipsoids are set at 
50% probability and hydrogens have been omitted.  
 
 
Figure 5.7 
Packing diagram of the 3:1 mixture of 9(BF4)x(ClO4)2-x. 
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Table 5.2 
Selected geometric parameters of the iron centre in the 3:1 mixture of 9(BF4)x(ClO4)2-x. 
 
 
While this solution has low accuracy for the bond lengths and angles due to the poor quality 
of the data obtained, it can still be observed that the Fe‒N bond lengths are in the range of 
those expected for a HS iron(II) complex and are well within the error (Table 5.2). This is 
also confirmed by the magnetic susceptibility measurements which will be discussed in 
detail in section 5.4. The crystal structure shows that the HS state of this complex is very 
regular and shows a relatively low value for the rhombic distortion parameter, Σ, of 150.72º, 
indicating little deviation from an ideal octahedral geometry. The angle between the two 
ligand planes, θ, and the trans angle between the two Npyridine‒Fe‒Npyridine bonds, φ, are 
exactly the ideal of 90º and 180º respectively, also indicating a more ideal octahedral 
coordination and the absence of any Jahn-Teller distortions. This ordered structure could be 
a result of the highly ordered terpyridine embrace structure as highly distorted complexes 
would not be able to interlock in such a manner.
[4]
 
The terpyridine embrace motif extends in 2 dimensional layers in the ab crystallographic 
plane and is separated by layers of disordered anions which fit into the grooves formed by 
the perpendicular pyridine rings. The anions are then able to accept hydrogen bonds from 
the pyrazolyl NH groups. The distance between neighbouring pyrazolyl groups is 3.600(13) 
Å which is just outside the combined Van Der Waals radii of carbon, 3.4 Å, required for full 
π-π overlap and this could be a consequence of the methyl groups preventing closer 
proximity of the dications.  
Although sufficient diffraction for full structure determination was only observed for the 3:1 
mixture, data were also collected for the 1:3 and 9:1 mixtures. While the quality of the data 
were not sufficient to allow a full solution it did give accurate information about the unit 
9(BF4)x (ClO4)2-x (3:1)
Fe-PyN (Å) 2.128(7)
Fe-PzN (Å) 2.195(5)
α(°) 147.0(3)
θ(°) 90.000(9)
φ(°) 180.00(17)
Σ(°) 150.72
Θ(°) 341.44
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cells and space group which could be used for comparison with the hydrated and anhydrous 
phases of the pure tetrafluoroborate and perchlorate salts (Table 5.3 and Table 5.4).  
 
Table 5.3 
Tabulated unit cell parameters for the different solvates of 9(BF4)2 and 9(ClO4)2.
[1, 10]
 
 
 
Table 5.4 
Tabulated unit cell parameters for the mixed anion complexes 9(BF4)x(ClO4)2-x·xH2O. 
ǂ
A good 
solution could not be found due to poor data, other possible space groups are Pmmn and P212121.  
 
 
From the data collected for the 1:3 complex, a solution was obtained for the dication but the 
disordered anion site could not be modelled. From this partial solution it was deemed likely 
that this complex is isostructural to both the 3:1 mixture, the dehydrated tetrafluoroborate 
9(BF4)2·2H2O 9(BF4)2 9(ClO4)2 9(ClO4)2·2MeOH
Crystal System Tetragonal Tetragonal Tetragonal Monoclinic
Space Group I 41/a P42/n P42/n P21/n
a  (Å) 13.7494(19) 9.7481(2) 9.7396(3) 13.6553(12)
b  (Å) 13.7494(19) 9.7481(2) 9.7396(3) 19.7246(11)
c  (Å) 35.336(3) 17.6848(5) 18.0080(8) 13.6951(15)
α  (º) 90 90 90 90
β  (º) 90 90 90 91.326(5)
γ  (º) 90 90 90 90
V  (Å
3
) 6680.2(14) 1680.51(7) 1708.24(11) 3687.7(6)
T (K) 150(2) 150(2) 150(2) 150(2)
9(BF4)x (ClO4)2-x ·xH2O 
(1:3)
9(BF4)x (ClO4)2-x ·xH2O 
(3:1)
9(BF4)x (ClO4)2-x ·xH2O 
(9:1)
Crystal System Tetragonal Tetragonal Orthorhombic
Space Group P42/n P42/n P1121/n
ǂ
a  (Å) 9.6422(13) 9.6249(16) 9.7152(3)
b  (Å) 9.8269(19) 9.6249(16) 9.7152(3)
c  (Å) 17.814(3) 18.146(3) 17.6363(8)
α  (º) 90 90 90
β  (º) 90 90 90
γ  (º) 90 90 90
V  (Å
3
) 1687.93 1681.1(5) 1664.6
T (K) 110.0(2) 290.15 110.02(16)
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and the dehydrated perchlorate (which was determined by comparison of the powder 
pattern), as the space group and unit cell dimensions are almost identical. The microanalysis 
of this complex approximates as the dihydrate and TGA shows a loss of mass consistent 
with the loss of two equivalents of water, however from this x-ray data the degree of 
hydration is not clear. Judging by the phase behaviour of the pure tetrafluoroborate this is 
more likely to be the dehydrated phase. 
Data obtained for the 9:1 mixture was the poorest and it was not possible to solve a structure 
in any of the three most likely space groups. The data collected suggests this structure packs 
in an orthorhombic unit cell, unlike any of the other structures which are mainly tetragonal 
with the exception of the monoclinic structure of 9(ClO4)2·2MeOH. The methanol solvate 
was obtained from the perchlorate via the same slow vapour diffusion method from 
methanol/diethyl ether mixtures, but was preferentially formed when a higher concentration 
of the complex solution was used. In order to obtain crystals of the dihydrate, diethyl ether 
had to be diffused into a dilute solution of 9(ClO4)2. In the case of the 9:1 mixture, although 
it is a different crystal system, the unit cell dimensions closely resemble those of the 
dehydrated forms and the structure is likely to be related. TGA and microanalysis support 
the assumption that this is the dihydrate, although it could have lost its water during the data 
collection. Because the data were so poor, however, there is no evidence to support this. If 
this mixture existed as the dimethanol solvate the expected mass loss in the TGA would be 
around 18.0%, much higher than the observed mass loss of 4.7% that correlates with the 
loss of two equivalents of water.  
While the structure obtained for 3:1 mixture of 9(BF4)x(ClO4)2-x refines well using the 
expected ratios of BF4
-
:ClO4
-
, it is not certain whether this applies for the other mixtures as 
electron density in the anion site could not be assigned. It is possible that certain 
arrangements may crystallise preferentially regardless of the composition of the solution and 
that the bulk sample consists of a mixture of crystals which satisfy microanalysis. If this is 
the case it may become apparent in the magnetic susceptibility measurements as the 
magnetic behaviours of the two parent salts are known. 
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5.4. Magnetic Susceptibility 
In order to investigate the effect of the anion doping on SCO behaviour variable temperature 
magnetic susceptibility measurements of the complex salt mixtures were recorded using a 
SQUID magnetometer. For these measurements there are two modes of temperature 
variation; sweep, in which the temperature is constantly varied and data points are measured 
at intervals, and settle where the temperature at each data point is stabilised before taking a 
measurement. It has been shown that kinetics can play a significant role in the shape of the 
χMT vs T curves and so the scan rate and mode of temperature variation become very 
important.
[11]
 In the cases presented here a mixture of sweep and settle modes were used, 
however this was seen to have little effect on the spin curves and the scan rate appeared to 
be the more important factor. Where possible sweep mode was preferred as it was less time 
consuming and allowed more data to be collected. Firstly the magnetic susceptibility of the 
mixed anion complexes were obtained at a scan rate of 2 Kmin
-1
 and the shape of their χMT 
vs. T curves were compared to one another and their parent salts.  
 
 
Figure 5.8 
χMT vs T curves of the 1:3 mixture of 9(BF4)x(ClO4)2-x·2H2O. Temperature sequence: 300-2-350 K 
(), 350-2-300 K (). Scan rate 2 Kmin
-1
 in sweep mode.  
 
To obtain the magnetic susceptibility for the 1:3 mixture the sample was first cooled at 2 
Kmin
-1
 from 300 K to 2 K. From 300-250 K the curve resembles the gradual and irregular 
nature of 9(ClO4)2·2H2O (Figure 5.8). Below 250 K the sample does not switch to the abrupt 
hysteretic transition seen in 9(ClO4)2·2H2O and instead gradually decreases before levelling 
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out below 100 K at an χMT value of 1.2 cm
3
mol
-1
K, corresponding to roughly 30% 
remaining HS centres. This implies that there could be a roughly 30% phase impurity which 
remains fully HS down to 2 K, and this phase could be similar to 9(ClO4)2 which maintained 
a constant χMT value of 3.6 cm
3
mol
-1
K. The sample was then warmed from 2-350 K and 
followed the same path as the cooling cycle with χMT gradually continuing to increase past 
room temperature to a final value of 3.7 cm
3
mol
-1
K expected for a fully HS complex. 
Warming to this temperature removes the lattice water and could cause a phase transition. 
As the sample is cooled it remains at a constant value of 3.7 cm
3
mol
-1
K until 227 K where it 
decreases abruptly before becoming more gradual and eventually settles at a value of 0.5 
cm
3
mol
-1
K at 94 K. This value corresponds to approximately 14% of the iron centres 
remaining HS, which again could be a phase impurity. Heating the sample follows a similar 
pattern, except the abrupt part of the transition shows a hysteresis loop with a width of 32 K, 
similar to the hysteresis width for 9(BF4)2 after repeated thermal cycling.  
By comparison of the χMT vs T curves of the mixtures a transition towards the behaviour of 
9(BF4)2·2H2O can be observed (Figure 5.9). The 1:3 and 1:1 mixtures follow a very similar 
profile to one another with the 1:1 mixture shifted 0.3 cm
3
mol
-1
K lower and showing what 
appears to be a small hysteresis loop between 257 K and 314 K. The 3:1 and 9:1 mixtures 
show an increasing minimum χMT value which more closely resembles that of the pure 
tetrafluoroborate dihydrate which had a 50% HS fraction from 2-300 K. In these mixtures 
the onset of the χMT increase is raised to a higher temperature and becomes more abrupt, 
also suggesting a movement towards the behaviour of 9(BF4)2·2H2O. These measurements 
were all recorded at a scan rate of 2 Kmin
-1
, however the 1:3 and 9:1 mixtures were run in 
sweep mode and the 1:1 and 1:3 mixtures were run in settle mode.  
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Figure 5.9 
χMT vs T curves for the initial 300-2-350 K cycle for the mixtures of 9(BF4)x(ClO4)2-x·2H2O. 
Mixtures: 1:3 (■); 1:1 (●); 3:1 (■); 9:1 (■). 
 
After being warmed to 350 K all four mixtures showed a change in their χMT vs T curves 
indicating that, like the parent salts, they have lost their lattice water and formed a new 
phase that undergoes an abrupt hysteretic spin transition. This transition is centred around 
213 K and remains unchanged for the different mixtures and the maximum and minimum 
values for χMT are quite similar. None of the mixtures reach a minimum value of 0 cm
3
mol
-
1
K indicating that there may be some kind of phase impurity which does not reach a fully 
LS state, however this is much less apparent than for the dihydrate. There is a noticeable 
difference in the form of the hysteresis loop in the different  mixtures. The 1:3 mixture has a 
hysteresis width of 32 K, and begins to lose its hysteresis becoming more gradual at the 
lower end of the loop, indicating a loss of cooperativity. For the 1:1 and 3:1 mixtures the 
hysteresis width is the same but the change in gradient is less pronounced and begins to look 
like that obtained for 9(BF4)2 after repeated thermal cycling. Lastly for the 9:1 mixture the 
upper part of the hysteresis loop is quite similar to the other mixtures but as the temperature 
drops in the cooling mode the gradient changes twice, while the warming mode follows a 
more standard discontinuous transition. This widens the hysteresis width at the bottom to a 
maximum of 88 K, even wider than that recorded for a freshly prepared sample of 9(BF4)2 
and among the widest recorded in the literature for an iron complex at ambient pressure 
(Figure 5.10). 
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Figure 5.10 
χMT vs T curves for the secondary 350-2-300 K cycle for the mixtures of 9(BF4)x(ClO4)2-x·2H2O. 
Mixtures: 1:3 (■); 1:1 (■); 3:1 (■); 9:1 (■). Data points have been connected with a spline curve for 
clarity. 
 
 
5.4.1. The Effect of Thermal Cycling 
The hysteresis width for these mixtures is around 32 K, which is similar to the 37 K 
observed for 9(BF4)2 after repeated thermal scanning. The narrowing of the hysteresis is 
most likely due to the repeated phase changes which cause defects within the microcrystals 
and reduce the size of the domains in the crystal. It has been observed that reducing the 
domain size by mechanical grinding leads to narrower and less symmetric hysteresis 
loops.
[12]
 It has long been known that hysteresis in a material requires the presence of some 
kind of domain formation proceeding through a nucleation event, which in the case of SCO 
would be a cluster of centres of one spin state existing in the metastable spin state.
[13]
 Once 
these clusters reach a size where their energy is lower than that of the surrounding 
metastable phase, the new phase propagates through the crystal and this movement has even 
recently been observed in real time on a macroscopic scale.
[14]
 
As the hysteresis loop of the mixed anion complexes was narrow and asymmetric it was 
predicted that the crystals contain more defects than a freshly prepared sample of 9(BF4)2. If 
this is the case they already have a smaller domain size therefore repeated scanning will not 
have such a profound effect on the hysteresis loop.  
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Repeated thermal scanning of the 3:1 mixture at 2 Kmin
-1
 in settle mode shows that the 
sample begins with a χMT vs T curve that resembles 9(ClO4)2·2H2O, before gradually 
beginning to produce a typical abrupt hysteresis loop. The second scan produces an 
asymmetric hysteresis loop with a width of around 35 K and on the third scan this widens to 
83 K, a similar width to the hysteresis of the 9:1 mixture at its widest point. On the cooling 
mode the χMT undergoes what looks similar to a two step spin transition with a plateau 
before an abrupt drop. This looks like a distorted version of the curve for the 9:1 mixture 
where the widened part of the loop is extended upward past 3.2 cm
3
mol
-1
K to give the 
majority of the hysteresis a width of 83 K (Figure 5.11). 
After the fourth scan the material gives an almost symmetric hysteresis with a constant 
width of 50 K and the sample does not undergo further change on additional scans. This 
occurs more rapidly in this material than for 9(BF4)2 which took over six thermal scans 
before it reached consistency. Interestingly the hysteresis observed for this 3:1 mixture after 
repeated thermal scans is both wider than that of the initial scan in Figure 5.10 and the aged 
sample of 9(BF4)2, however it is important to note that these measurements were conducted 
on the same sample after the initial scans previously shown. It is possible that the strange 
shape of the first curve could be a result of full dehydration from the initial two scans 
followed by partial rehydration. 
 
 
Figure 5.11 
Repeated thermal scanning of the 3:1 mixture of 9(BF4)x(ClO4)2-x·2H2O recorded at a scan rate of 2 
Kmin
-1
 in settle mode. Scan 1 (■); scan 2(■); scan 3 (■); scan 4(■); scan 5 (■); scan 6 (■). 
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This was the behaviour which was expected of these complex salt mixtures on repeated 
thermal cycling, however the 1:1 mixture showed very different behaviour under these 
conditions. The first three scans look very similar and resemble that of 9(BF4)2·2H2O, apart 
from the transition to the fully HS state shows some hysteresis. After the third scan the 
maximum temperature was increased from 350 K to 380 K which caused a sudden change 
in shape of the curves to something more closely resembling an abrupt hysteresis loop, 
although very asymmetric and showing undulations before the transition in the warming 
mode. The reason for these undulations are not clearly understood but may be a result of 
structural changes.
[15]
 On the fifth thermal scan the onset of the hysteresis loop is abrupt and 
quite regular with a width of 30 K, and looks quite similar to those obtained for the 
dehydrated mixtures. In the cooling mode χMT levels out at 1.2 cm
3
mol
-1
K at 190 K before 
dropping again at 128 K to a value of 0.5 cm
3
mol
-1
K in what looks similar to a two step 
transition. In the warming mode at 128 K there is a small undulation and then χMT drops to 
0.4 cm
3
mol
-1K and then begins to rise abruptly after 200 K giving an odd “L” shaped 
hysteresis loop (Figure 5.12).  
On the sixth scan the cooling mode undergoes a similar two step decrease in χMT except 
with very different proportions and it comes to settle below 115 K at a much higher value of 
χMT = 2.4 cm
3
mol
-1
K. The warming mode of this scan is particularly interesting as at 124 K 
χMT decreases abruptly to a plateau with value of 0.5 cm
3
mol
-1
K before increasing abruptly 
at 198 K back to the fully HS state. The seventh scan also shows this behaviour, except with 
a higher value for χMT below 115 K of 2.3 cm
3
mol
-1
K and a lower plateau value of 0.3 
cm
3
mol
-1
K with more abrupt transitions in the warming mode (Figure 5.13). These 
hysteresis loops are extremely interesting because they show a very significant and abrupt 
decrease in χMT vs T caused by an increase in temperature, which is usually 
thermodynamically disfavoured in SCO systems. As the HS state has a higher electronic and 
vibrational entropy it is the favoured state at higher temperatures, and reverse spin 
transitions have been observed in Co(II) complexes which exhibit terpyridine embrace 
structures which is usually attributed to a large structural change.
[16-18]
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Figure 5.12 
Repeated thermal scanning of the 1:1 mixture of 9(BF4)x(ClO4)2-x·2H2O recorded at a scan rate of 2 
Kmin
-1
 in settle mode. Scan 1 (■); scan 2(■); scan 3 (■); scan 4(■); scan 5 (■); scan 6 (■); scan 7 (■). 
 
 
Figure 5.13 
Expanded view of the χMT vs T curves for scan 6 (■) and scan 7 (■) of the 1:1 mixture of 
9(BF4)x(ClO4)2-x·2H2O at a scan rate of 2 Kmin
-1
. 
 
These data were then checked for reproducibility. A freshly prepared sample of the 1:1 
mixture of 9(BF4)x(ClO4)2-x was placed in the sample tube used for the SQUID 
magnetometer and annealed at 80ºC overnight, then quickly sealed with sealing tape while 
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still hot and placed in the magnetometer as quickly as possible. After heating overnight the 
sample goes from a red to a yellow colour indicating that dehydration has occurred. The 
magnetometer chamber is under vacuum so once the measurements are running it is unlikely 
that the sample will become rehydrated. This was confirmed after the measurements when 
the sample was still a yellow colour and remained as such for over a day showing that the 
tube was well sealed. The sample was annealed because it was hoped that the χMT vs T 
curve shown in Figure 5.13 could be attained much more quickly without numerous thermal 
cycles. It was also of concern that when the sample is dehydrated at the higher temperatures 
the water cannot easily escape the sample holder causing partial formation of the hydrate 
when the temperature is reduced.  
 
 
Figure 5.14 
Repeated thermal scanning of the annealed 1:1 mixture of 9(BF4)x(ClO4)2-x·2H2O recorded at a scan 
rate of 2 Kmin
-1
 in settle mode. Scan 1 (■); scan 2 (■); scan 3 (■); scan 4 (■); scan 5 (■); scan 6 (■). 
The curves are shown as lines for clarity. 
 
The resulting χMT vs T curves for the annealed sample show more consistency than for the 
un-annealed sample and the χMT value for the plateau in the warming mode ranges from 
1.7-1.8 cm
3
mol
-1
K compared with a minimum of 0.3 cm
3
mol
-1
K for the un-annealed sample 
(Figure 5.14). Although they are more consistent, these curves do show a small variation, 
the most significant being the decrease of the χMT value that the sample settles at below 115 
K, which decreases in small increments for every scan. This contrasts with the un-annealed 
sample where this value increases significantly for every thermal scan. What should also be 
mentioned is that these measurements were recorded for a different sample on a different 
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SQUID magnetometer in sweep mode, whereas the data for the un-annealed sample were 
collected in settle mode. 
 
 
5.4.2. The Effect of Thermal Scan Rate 
It is already known that in some cases the thermal scan rate can greatly affect the nature 
SCO behaviours.
[11, 19]
 In one instance the same material has been shown to contain two 
distinct hysteresis loops depending on whether it was cycled at 4 Kmin
-1
 or 0.1 Kmin
-1
, a 
difference which was attributed to slow kinetics of the HS→LS phase transition which leads 
to a freezing in of the metastable HS state at lower temperatures.
[20]
 This example exhibits 
some of the undulations which are also observed in Figure 5.12. For this reason it was 
important to investigate the effect of the thermal scan rate on the 1:1 mixture of 
9(BF4)x(ClO4)2-x in order to investigate whether this thermal trapping hypothesis can be 
applied to explain the bizarre behaviour observed in the magnetic moment. These 
measurements were recorded on the same sample and on the same magnetometer used for 
the results shown in Figure 5.14, and the sample was fully dehydrated by annealing at 80ºC 
overnight.  
 
 
Figure 5.15 
χMT vs T curve of the annealed 1:1 mixture of 9(BF4)x(ClO4)2-x·2H2O at scan rates of 5 Kmin
-1
 (■), 2 
K min
-1
 (■) and 0.5 Kmin-1 (■) in sweep mode. 
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These results show that the SCO behaviour of this sample is extremely dependant on the 
thermal scan rate. At the relatively fast scan rate of 5 Kmin
-1
 the sample remains in the fully 
HS state from 370-50 K and shows only a small drop in χMT between 150-236 K in the 
warming mode, indicating that the sample has remained trapped in its HS phase. 
Conversely, at a scan rate of 0.5 Kmin
-1
 the sample appears to show abrupt two step 
transitions in the cooling mode down to a χMT value which corresponds to only 16% HS 
iron centres and only a slight drop is observed at 120 K before an abrupt transition to the 
fully HS state. This behaviour could be due to the existence of two phases, one which 
remains fully HS and the other which undergoes a spin transition seen in the 0.5 Kmin
-1
 
scan with a kinetically slow interconversion between the two. This is seen most clearly in 
the 2 Kmin
-1
 scan, which in the cooling mode shows a very similar two step decrease in χMT 
which only reaches a minimum value of 2.8 cm
3
mol
-1
K indicating that around 73% of the 
iron centres remain trapped in their metastable HS state (Figure 5.15). The abrupt drop in 
χMT after 125 K in the warming mode could follow a similar mechanism to that observed 
for the LIESST effect, where once the temperature is increased past a certain point 
tunnelling from the vibrational levels in the metastable HS state allow access to the more 
thermodynamically stable LS state.
[21, 22]
  
 
 
5.5. Variable Temperature Powder Diffraction 
Powder x-ray diffraction on these samples allows for a quick comparison of the different 
points in the magnetic profiles and can be used to easily distinguish the different phase 
changes which occur as the temperature is varied. Variable temperature powder x-ray 
diffraction (VTPXRD) data were collected for the 1:3 and the 9:1 mixtures as their magnetic 
behaviour showed the most considerable differences. When both samples were run it was 
noticed that under reduced pressure at room temperature the powders slowly transformed 
their phase over a few minutes, which is believed to be due to water escaping from the 
lattice and inducing a phase change. The mixtures were then heated to 350 K and then 
cooled at 2 Kmin
-1
 to the lowest temperature possible on the machine (usually 150 K) before 
being warmed back to 300 K in a similar manner to the experiment inside the SQUID 
magnetometer.  
 
Chapter 5 
 
188 
 
 
Figure 5.16 
VTPXRD data for the cooling mode of the 1:3 mixture of 9(BF4)x(ClO4)2-x·2H2O with a fixed slit 
correction applied. Temperatures: 353 K (■); 253 K (■); 231 K (■); 166 K (■); 149 K (■). 
 
For the 1:3 mixture of 9(BF4)x(ClO4)2-x·2H2O the data for the cooling cycle are almost 
identical to that obtained for the warming cycle (Figure 5.16). These data show that there is 
quite a clear phase change between 353 K and 253 K and then no subsequent phase changes. 
This is similar to the annealed perchlorate salt which undergoes a transition between these 
temperatures and the similar powder pattern at 353 K indicates that these are possibly 
isostructural. The second phase formed below 353 K, however, seems to show a different 
powder pattern not isostructural to any observed in the pure perchlorate. 
The powder pattern at 353 K also matches well with the powder pattern calculated from the 
crystal structure obtained for the 3:1 mixture and shows that they are likely to be 
isostructural (Figure 5.17). The collected powder pattern does show a small number of 
additional peaks which might be evidence of a phase impurity and may have been avoided if 
the sample were annealed for longer at a higher temperature. Interestingly it is known that 
this sample undergoes a spin transition from the χMT vs T curves discussed in 5.4, so it 
would seem that this abrupt, hysteretic spin transition the likes of which that are usually 
associated with structural changes occurs without a phase transition. This means that 
assuming the conditions in the diffractometer are the same as those in the SQUID 
magnetometer, this magnetic behaviour is more likely to be a result of a high degree of 
cooperativity in the lattice. 
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Figure 5.17 
Comparison of the PXRD data obtained via experiment for the 1:3 mixture of 9(BF4)x(ClO4)2-x·2H2O 
() with that calculated from the crystal structure of the 3:1 mixture of 9(BF4)x(ClO4)2-x·2H2O (). 
 
When the experiment was repeated with the 9:1 mixture and the chamber was evacuated a 
sudden loss of solvent occurred which dispersed the sample up the vacuum line. This was 
unrecoverable however there was enough sample left to run VTPXRD measurements using 
a silicon chip. While the data are poorer it can still be used as a comparison to that already 
collected and calculated for other salts. The powder patterns show that there is a significant 
phase change when a vacuum is applied to the sample, which is probably due to the loss of 
lattice water (Figure 5.18). This is not a problem however because the new phase formed is 
isostructural to 9(BF4)2 at 350 K and it is the dehydrated sample that has shown the most 
interesting behaviour. From the data obtained there are clearly two phase transitions, one 
between 353 K and 253 K, and the other between 231 K and 150 K (Figure 5.19). The 
warming cycle was identical to the cooling cycle and the patterns at each temperature match 
up perfectly so only the cooling cycle is shown in Figure 5.19. Although the powder 
patterns at different temperatures show some differences suggesting a change is taking place 
they still all show a number of common peaks suggesting that all the phases observed are 
very similar and probably another variant of the terpyridine embrace structure. 
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Figure 5.18 
VTPXRD data for the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O at 300 K at 1 atm () and under an 
applied vacuum ().  
 
 
Figure 5.19 
VTPXRD data for the cooling mode of the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O with a fixed slit 
correction applied. Temperatures: 353 K (■); 253 K (■); 231 K (■); 150 K (■). 
 
This data was then compared to the PXRD data obtained for 9(BF4)2 in order to ascertain 
whether any of these phases are isostructural at the given temperatures, which could give 
clues to the physical causes of the asymmetric shape of the hysteresis. In Figure 5.20 the 
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powder diffraction pattern matches up very well with that of annealed 9(BF4)2. Because the 
data for the mixture were recorded using only a small amount of sample on a silicon chip 
the background below 2θ = 15º is very high, however the two peaks at 9.6º and 10.5º can be 
still only just be seen.  
When the powder pattern for the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O is compared with 
that of 9(BF4)2at 253 K it can be seen that the two patterns share a lot of common peaks 
suggesting that they are very similar structures. The relative intensities of some of the peaks 
are slightly different, however. Due to the high background below 2θ = 15º the peaks in this 
region could not be unambiguously compared. At 150 K the powder pattern for 9(BF4)2 
remains the same but the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O changes substantially, such 
that there are barely any shared peaks indicating that the two samples are distinct phases 
(Figure 5.20, Figure 5.21 and Figure 5.22).  
Of the temperatures used in this experiment 150 K and 231 K were chosen because they lie 
within the hysteresis loop, so it was expected that if the hysteresis is driven by phase 
changes that the cooling and warming modes might show different phases at the same 
temperature. This was not the case, however, but it is not direct proof that the hysteresis is 
not driven by phase changes. Ideally a powder pattern would be obtained below 100 K of 
the fully LS material however the lowest temperature of the diffractometer was limited to 
about 150 K. 
 
Figure 5.20 
Comparison of the powder patterns of the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O () with 
9(BF4)2·2H2O () at 350 K. 
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Figure 5.21 
Comparison of the powder patterns of the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O () with 
9(BF4)2·2H2O at 253 K (). 
 
 
Figure 5.22 
Comparison of the powder patterns of the 9:1 mixture of 9(BF4)x(ClO4)2-x·2H2O () with 
9(BF4)2·2H2O at 150 K (). 
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5.6. Conclusion 
In conclusion mixtures were made in four different ratios of the salts 9(BF4)2 and 9(ClO4)2 
to make mixed anion complexes of the type 9(BF4)x(ClO4)2-x·2H2O. It was shown by x-ray 
diffraction in the case where a structure could be fully resolved that that particular crystal 
contained both anions in a disordered site and that the two salts had co-crystallised together, 
rather than forming a mixture of separate crystals. Where full structures could not be fully 
resolved the unit cells were compared to those of the pure parent salts and found to be very 
similar to the phases formed upon loss of water. In all cases the mixed anion complexes 
approximated as the dihydrate in microanalysis and showed a loss of around 4.5% just over 
300 K, corresponding to the expected mass loss for two equivalents of water. 
Interestingly while the pure perchlorate remained fully HS through the entire temperature 
range, it was found that the substitution of only 25% of the perchlorate anions with 
tetrafluoroborate was enough to induce an abrupt hysteretic phase transition. However in all 
cases the hysteresis loops were asymmetric. Repeated thermal cycling of the 3:1 mixture 
showed that once the sample was fully dehydrated the hysteresis loop became more 
symmetric and abrupt with a constant width of 50 K which is still considerably large for a 
SCO complex. Repeated scanning of the 1:1 mixture showed seemingly bizarre SCO 
behaviour which turned out to be a result of the thermal scan rate dependence of this 
sample, and possibly involves the kinetically slow conversion to the fully LS phase which 
can only be properly accessed below a rate of 0.5 Kmin
-1
. The sudden drop in χMT of this 
sample on warming at 2 Kmin
-1
 is probably the result of relaxation to the more 
thermodynamically stable LS state in a similar manner to that observed for the LIESST 
effect. 
Variable temperature powder diffraction was employed on two of these mixtures to 
determine if any phase changes occur concomitantly with the hysteresis. For one of the 
mixtures this seems to not be the case and the abrupt hysteresis loop occurs without going 
through any phase changes. This contrasts to the pure annealed perchlorate which appears to 
remain trapped in the fully HS state due to inability to transition to another phase.  
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Chapter 6  
 
Ruthenium Transfer Hydrogenation Catalysts 
Based on 2,6-Di(1H-pyrazol-3-yl)pyridine 
Derivatives 
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6.1. Introduction 
In addition to SCO complexes rigid tridentate NNN donors such as terpyridine, 2,6-
di(pyrazol-1-yl)pyridine and 2,6-di(1H-pyrazol-3-yl)pyridine have been utilised in photo-
luminescent complexes, photosensitizers, for actinide(III)/lanthanide(III) separation and 
catalysis.
[1-3]
 Transfer hydrogenation catalysts utilising multidentate N donor ligands which 
form stable complexes with Ru(II) have been a popular alternative to more precarious 
methods involving pressurised hydrogen gas or harsh reducing agents.
[4-7]
 A catalytic cycle 
for transfer hydrogenation is shown in Figure 6.1 and discussed in more detain in Chapter 1. 
The advantage of using 1-bpp ligands in these Ru catalysts is the same reason that makes 
these ligands so successful in the field of SCO; the relative ease of substitution at different 
positions allows for fine tuning of the sterics and electronics which are manifested in the 
properties of subsequent complexes.
[8]
 The complex [RuCl2(PPh3)(L)] (L = 2,6-bis(3,5-
dimethylpyrazol-1-yl)pyridine) has been structurally characterised and shown to efficiently 
catalyse hydrogenation of a wide range of substrates with yields ranging from 100-37% and 
with a final turnover frequency (TOF) of up to 6000 hr
-1
.
[9]
 
 
 
Figure 6.1 
A general catalytic cycle for transfer hydrogenation. 
 
Recently there has been much interest in using 3-bpp derivatives to make ruthenium pincer 
type complexes for transfer hydrogenation catalysts, since the rigid structure points the two 
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pyrazolyl NH groups to the trans site of the Ru can act as proton donor to the substrate.
[10]
 
Pincer complexes of this type which contain two or more proton-donor groups are quite 
rare, but in some cases could be expected to increase the rate of hydrogenation reactions 
substantially.
[11]
 There are limited examples of 3-bpp derivatives being used as a ligand in 
ruthenium pincer complexes of this type. The complexes [RuCl(3-bpp)(L)] where L = 
pyridine-2-carboxylate or quinoline-2-carboxylate gave 23-98% yields for the transfer 
hydrogenation of acetophenone derivatives. The yields were dependant on the substrate, 
with electron withdrawing substituents on the para position of the aryl ring favouring higher 
yields.
[4]
 The efficiency of these catalysts were also dependent on L, with pyridine-2-
carboxylate giving better yields than quinoline-2-carboxylate. However these 3-bpp 
complexes were less effective catalysts than analogues containing 2,6-
di(benzimidazolyl)pyridine or pyridine-2,6-di(carbaldimine) as the tridentate ligand. 
The complex [RuHL(PAr3)2]Cl where L = 2,6-di(1,5-diphenyl-1H-pyrazol-3-yl)pyridine) 
has been shown to be an effective catalyst with TOF’s of up to 3534 hr-1 however the 
pyrazolyl NH groups in this complex have been removed so this behaviour exists in the 
absence of the proton delivery by the ligand and is dependent on the nature of the 
triarylphosphine groups.
[12]
 A ruthenium complex has also been made using the ligand 2,6-
di(5-tertbut-1H-pyrazol-3-yl)pyridine (L
12
), whose iron(II) complexes were discussed in 
Chapter 4. Complexes of the type [RuCl(L
12
)(PPh3)2]Cl can be reversibly deprotonated at 
one or both pyrazolyl NH groups, which shows that these groups have potential as proton 
deliverers.
[10]
 The two phosphine ligands are opposite one another in a trans arrangement 
and only one chloride ion is bound to the site trans to the 3-bpp ligand. This chloride 
dissociation occurs because of an increase in electron density at the metal centre making it a 
poorer π acceptor so weakening the M‒Cl bond.[13] The remaining chloride site can then be 
substituted with more labile groups such as methanol, dioxygen or dinitrogen and this could 
give an easily accessible site that the substrate can trans to the 3-bpp ligand. It is in 
complexes of this type that catalysis mediated by the pyrazolyl NH groups would be most 
effective. 
With this in mind this chapter is concerned with synthesising novel Ru(II) complexes of the 
type [RuCl(L)(PPh3)2]Cl using the novel ligands already synthesised and used to make 
novel SCO materials (Figure 6.2). These ligands have a variety of different substituents 
giving each unique steric and electronic factors which are important in this area of research. 
In addition to this asymmetrically substituted ligands offer potential to improve the 
enantiomeric selectivity of the transfer hydrogenation catalysts.  
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Figure 6.2 
Structures of the ligands discussed in this chapter. 
 
Table 6.1 
List of complexes discussed in this chapter. Any solvation present is denoted throughout.  
Complex 
[Ru(L
6
)(PPh3)2]Cl2 
[Ru(L
7
)(PPh3)2]Cl2 
[RuCl(L
9
)(PPh3)2]Cl 
[Ru(L
10
)(PPh3)2]Cl2 
[Ru(OH2)(L
12
)(PPh3)2]Cl2 
[Ru(OH2)(L
12
)(PPh3)2](PF)2 
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6.2. Synthesis 
The general synthetic procedure for these complexes first involved synthesising 
[RuCl2(PPh3)3] using the standard literature procedure, forming a brown/dark red 
microcrystalline solid.
[14]
 This was then suspended in dichloromethane and stirred with 1 
equivalent of the relevant 3-bpp derivative for 3 hours at room temperature, before reducing 
the solvent and precipitating with diethyl ether.
[11]
 This yielded complexes with varying 
degrees of hydration, as determined via microanalysis. As the catalytic reaction takes place 
in solution solvation of these complexes in the solid state are not so important as in spin 
crossover, and a number of different solvates are discussed in this chapter.  
It was essential to thoroughly wash the product with diethyl ether in order to remove the 
free triphenylphosphine that is liberated upon coordination of the 3-bpp ligand. When this 
reaction was performed using ligands with an amino group at the pyrazolyl C5 position it 
was found that, like their iron complexes, the resultant products are air sensitive. After a few 
days the orange/brown solid products turned to a dark green/blue, and this process was 
greatly accelerated to just a few minutes in chloroform solution. This is quite possibly some 
kind of oxidation process to a ruthenium(III) complex, however because no structure of this 
product was obtained this cannot be confirmed. Where L
5
 was used, the orange product’s 1H 
NMR showed broadened multiplets between 6.7-7.7 ppm, with overlapping 
triphenylphosphine and L
5
 hydrogen environments that cannot be assigned fully. This could 
be a result of the apparent instability of the complex in chloroform and this 
1
H NMR 
spectrum could be a mixture of the orange and green products. Indeed after the spectrum 
was collected the solution in the NMR tube had darkened, indicating that formation of the 
green product had taken place. 
ES
+
 mass spectrometry of these complexes in some cases did not show the expected peak 
for the [RuCl(L)(PPh3)3]
+
 cations, even for some complexes which were otherwise well 
characterised. In the cases where the ligand used was L
9
, L
10
 or L
12
 the expected mass peaks 
were found. In the case of L
9
 the mass corresponded to the cation [RuCl(L
9
)(PPh3)]
+
, 
indicating a loss of one triphenylphosphine while the complexes of L
10
 and L
12
 were both 
seen to retain both of their triphenylphosphine ligands. In all these cases the masses and 
isotopic patterns show that each cationic fragment contains ruthenium and a single chlorine, 
supporting the prediction that one chlorine would dissociate due to the increased electron 
density at the metal centre. 
It was noted that two isomers of these complexes can be formed in this reaction with trans 
or cis triphenylphosphine ligands (Figure 6.3). These two isomers can be distinguished by 
31
P{
1
H} NMR, as due to the C2 symmetry of the complex cation the phosphorous 
environments in the trans isomer are identical and we expect a single peak in the spectrum. 
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Conversely for the cis isomer the complex molecule is not symmetric and so would be 
expected to show an AB type pair of doublets in the 
31
P{
1
H} NMR spectrum.
[13]
 In addition 
the trans isomer is expected to have a dipole moment equal or close to zero, making it less 
soluble than the corresponding cis isomer and this property could be used as a means to 
separate the two.
[15]
 
 
 
Figure 6.3 
Synthetic pathway towards ruthenium(II) complexes of the type [RuCl(L)(PPh3)2]Cl where L is a 3-
bpp derivative. Reagents: (i) PPh3; (ii) L.  
 
The existence of these two isomers proved to be a problem during purification. Generally 
the method for separation was to add diethyl ether to the dichloromethane solution obtained 
after (ii) (Figure 6.3) until an orange precipitate cleanly forms. This was then removed from 
the reaction mixture via filtration and washed thoroughly with diethyl ether. This orange 
crystalline material was found to be the less soluble trans isomer and this was confirmed via 
31
P{
1
H} NMR spectroscopy which showed a single peak in the region of 23-36 ppm 
corresponding to the two identical triphenylphosphine ligands (Figure 6.4). The exact value 
of this shift seemed to be dependent on electronic nature of the ligand. For the sample of 
[RuCl(L
9
)(PPh3)2]Cl a peak was observed at 24.4 ppm, with additional peaks downfield 
which may be related to the formation of the green species in solution. The shifts observed 
for the diamido 3-bpp complexes of L
6
 and L
7
 were slightly higher at 34.8 and 36.5 ppm 
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respectively while those for the ligands bearing alkyl substituents L
9
, L
10
 and L
12
 the 
phosphorous shifts were 24.4, 24.4 and 23.7 ppm respectively. This trend follows the trend 
of electron withdrawing capabilities of the pyrazolyl substituents and for the amino and 
amido ligands there will be less electron density available at the coordinating pyrazolyl 
nitrogen atoms. This in turn will reduce the amount of electron density at the metal available 
for π backbonding, and as the phosphine ligands are strong π acceptors this will cause a 
deshielding of the 
31
P nucleus and cause a downfield shift in the 
31
P{
1
H} NMR spectrum.
[16]
 
 
 
Figure 6.4 
31
P{
1
H} NMR spectrum of the trans isomer of [RuCl(L
6
)(PPh3)2]Cl referenced to 85% aqueous 
H3PO4.  
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Figure 6.5 
31
P{
1
H} NMR spectrum of a poorly separated product of [RuCl(L
6
)(PPh3)2]Cl referenced to 85% 
aqueous H3PO4. 
 
The filtrate from this separation was usually a mixture of some trans product, free 
triphenylphosphine (seen as a peak in the 
31
P{
1
H} NMR at around -5 ppm) and a mixture of 
other products which  are likely to contain the cis product. The filtrate was a green colour 
similar to the complex of L
5
 which suggests that the filtrate could contain a related species 
and the cis product itself could not be isolated from this mixture. The efficacy of this 
method of separation seemed dependent on the ligand used and could be unreliable, 
meaning that very low yields of the desired trans product were obtained. The purity of the 
isomers was checked by 
31
P{
1
H} NMR, as a poor separation resulted in additional peaks in 
the spectrum (Figure 6.5). In an attempt to improve the yield the reaction mixture was 
heated in the hope of changing the proportions of the cis and trans product formed but little 
change was observed in the phosphorous NMR. 
In the interests of making a more efficient catalyst the chloride ligand and anion were 
exchanged with hexafluorophosphate by addition of silver hexafluorophosphate. The reason 
for this is that the hexafluorophosphate is bulkier and less basic than the chloride, and won’t 
be able to coordinate to the ruthenium centre. This would leave a vacant site opposite the 3-
bpp ligand where a substrate can attach and could possibly improve the efficiency of the 
catalyst. Where attempted this resulted in a brown solution with a small amount of 
extremely fine white silver chloride as a precipitate. This precipitate was so fine that it went 
through most filters and filtering through a plug of celite resin was the most effective way of 
removing this by-product. The resulting brown solution was evaporated to leave a brown 
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solid, and microanalysis was used to determine the effectiveness of the salt exchange. In the 
case of [RuCl(L
12
)(PPh3)2]Cl the microanalysis showed CHN values which closely match 
those predicted for the hexafluorophosphate salt and also shows a complete absence of 
chlorine.  
This salt exchange was also attempted with [RuCl(L
7
)(PPh3)2]Cl, which was determined as 
the isomerically pure trans isomer via 
31
P{
1
H} NMR (Figure 6.6). After stirring at room 
temperature for 20 hours in dichloromethane the resulting solution was shown to contain a 
mixture of isomers again (Figure 6.7), which could not be separated by their differences in 
solubility. 
 
 
Figure 6.6 
31
P{
1
H} NMR spectrum of the trans isomer of [RuCl(L
7
)(PPh3)2]Cl referenced to 85% aqueous 
H3PO4. 
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Figure 6.7 
31
P{
1
H} NMR spectrum of [RuCl(L
7
)(PPh3)2]Cl after salt exchange with AgPF6. Referenced to 85% 
aqueous H3PO4. 
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6.3. Crystal Structures 
Crystal structures were obtained for [RuCl(L
9
)(PPh3)2]Cl·CH3OH, 
[RuCl(L
12
)(PPh3)2]Cl·2CHCl3 and [Ru(L
12
)(OH2)(PPh3)2](PF6)2. The geometry of these 
structures was analysed, particularly that of the pyrazole rings as abnormalities can indicate 
deprotonation of the pyrazolyl NH group.  
 
6.3.1. [RuCl(L9)(PPh3)2]Cl·CH3OH 
Crystals suitable for x-ray diffraction were obtained via slow vapour diffusion of 
diisopropyl ether into a solution of [RuCl(L
9
)(PPh3)2]Cl in methanol. The structure of the 
methanol solvate was collected in the triclinic space group P-1 (a = 11.9552(4); b = 
12.4611(4); c = 16.7064(6) Å, α = 79.906(3)°, β = 78.741(3)°, γ = 64.853(3)°, V = 
2197.63(14) Å
3
) and the asymmetric unit contains one complete formula unit (Figure 6.8). 
The structure clearly shows the two triphenylphosphine groups are opposite one another in 
the trans position, while the site opposite L
9
 is occupied by a chlorido ligand. The other 
chloride anion is not bound to the ruthenium but accepts hydrogen bonds from a pyrazolyl 
NH (N(15)) and a methanol OH group. The other pyrazolyl NH group (N(3)) donates a 
hydrogen bond to the bound chlorine (Cl(58)) on another complex molecule. This serves to 
link complex molecules together in discreet pairs which are symmetry related by an 
inversion centre (Figure 6.9). This structure is similar to the dimers of ruthenium pincer 
complexes obtained in the literature where the ligands used are 2,6-di(5-butylpyrazol-3- 
yl)pyridine and 2,6-di(5-tertbutylpyrazol-3- yl)pyridine (L
12
).
[10, 11]
 Both of these literature 
structures are isostructural and crystallise in the monoclinic space group P21/c.  
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Figure 6.8 
The asymmetric unit of [RuCl(L
9
)(PPh3)2]Cl·CH3OH showing hydrogen bonding interactions. 
Thermal displacement ellipsoids are set at 50% probability and hydrogen atoms not taking part in any 
interactions have been omitted. Symmetry code: (i) 1-x, 1-y, 1-z. 
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Figure 6.9 
Hydrogen bonding interactions in the structure of [RuCl(L
9
)(PPh3)2]Cl·CH3OH. Thermal 
displacement ellipsoids are set at 50% probability and hydrogen atoms not taking part in any 
interactions have been omitted. 
 
 
Table 6.2 
Tabulated distances for the hydrogen bonding interactions in the structure of 
[RuCl(L
9
)(PPh3)2]Cl·CH3OH. 
 
 
Interaction Distance (Å)
N(3)-H(3)···Cl(58) 3.317(2)
N(15)-H(15)···Cl(59) 3.118(2)
O(60)-H(60)···Cl(59) 3.130(2)
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Table 6.3 
Selected bonding distances in the structure of [RuCl(L
9
)(PPh3)2]Cl·CH3OH. 
 
 
Table 6.4 
Selected bond angles in the structure of [RuCl(L
9
)(PPh3)2]Cl·CH3OH. 
 
 
The hydrogen bond which holds the two complex molecules together has a length of 
3.317(2) Å (Table 6.2), similar to that observed in Thiel’s complex [RuCl(L)(PPh3)2]Cl 
(where L = 2,6-di(5-butylpyrazol-3- yl)pyridine).
[11]
 
Distance (Å)
Ru(1)-N(8) 1.9857(19)
Ru(1)-Cl(58) 2.4719(6)
Ru(1)-P(20)/Ru(1)-P(39) 2.3913(6)/2.3657(6)
Ru(1)-N(2)/Ru(1)-N(14) 2.0556(18)/2.1111(18)
N(2)-N(3)/N(14)-N(15) 1.339(3)/1.350(3)
N(3)-C(4)/N(15)-C(16) 1.354(3)/1.353(3)
C(4)-C(5)/C(16)-C(17) 1.375(4)/1.373(4)
C(5)-C(6)/C(17)-C(18) 1.405(3)/1.396(3)
C(6)-N(2)/C(18)-N(14) 1.351(3)/1.353(3)
Angle (º)
N(8)-Ru(1)-Cl(58) 170.58(6)
P(20)-Ru(1)-P(39) 177.287(18)
N(2)-Ru(1)-N(8)/N(14)-Ru(1)-N(8) 78.45(8)/77.69(7)
N(2)-N(3)-C(4)/N(14)-N(15)-C(16) 112.1(2)/111.2(2)
N(3)-C(4)-C(5)/N(15)-C(16)-C(17) 106.6(2)/107.7(2)
C(4)-C(5)-C(6)/C(16)-C(17)-C(18) 105.9(2)/105.2(2)
C(5)-C(6)-N(2)/C(17)-C(18)-N(14) 109.5(2)/110.5(2)
C(6)-N(2)-N(3)/C(18)-N(14)-N(15) 105.94(18)/105.42(18)
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The geometry around the ruthenium is a distorted octahedron with an octahedral distortion 
of 35.34(5)º. The coordinating chlorido ligand is bent in the plane of L
9
 giving the 
N(8)‒Ru(1)‒Cl(58) bond angle of 170.58(6)º. This distortion probably avoids steric clashes 
with the methyl groups on the pyrazolyl C5 position and allows the chlorido ligand to form 
a stronger hydrogen bonding interaction with the neighbouring complex molecule. By 
examination of the bond lengths and bond angles in the pyrazolyl rings it can be deduced 
that they are both protonated (Table 6.3 and Table 6.4). The 
N(2)‒N(3)‒C(4)/N(14)‒N(15)‒C(16) bond angles are around 111º, and if deprotonation had 
occurred this angle would be expected to be around 106º due to the increased s character of 
the pyrazolyl N1 atom.
[17]
 This is based on cases where structures of pyrazole and pyrazolato 
complexes have been obtained.
[18, 19]
 
 
 
6.3.2. [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 
Crystals of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 were obtained from a saturated chloroform 
solution overnight. This complex was found to crystallise in the monoclinic space group 
P2/n (a = 12.1641(5); b = 10.8190(4); c = 25.7429(10) Å, α = 90°, β = 91.863(3)°, γ = 90°, 
V = 3386.1(2) Å
3
) and the asymmetric unit contained half a complex dication, one chloride 
anion and two chloroform molecules (Figure 6.10). The complex dication lies on a C2 
crystallographic rotation axis which intersects through the ruthenium along the central 
pyridine N‒Ru bond while the chloroform molecules are symmetry related by inversion 
centres. Though this complex was synthesised in the same manner as Kuwata et al. the 
structure is very different. 
[10]
 While Kuwata’s complex exhibits a similar structure to 
[RuCl(L
9
)(PPh3)2]Cl·CH3OH described in 6.3.1 the structure of 
[Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 does not show the same hydrogen bonded dimer motif. 
Instead of having one coordinating chlorido ligand and one free chloride anion this structure 
shows that both chlorides are free and the position trans to the ligand L
12
 has been occupied 
by a water molecule. This water molecule donates one hydrogen bond to each chloride 
anion, which in turn accepts hydrogen bonds from one pyrazolyl NH group, two chloroform 
CH groups and an aryl CH group on a triphenylphosphine ligand (Figure 6.11, Table 6.5). 
This hydrogen bonding makes a very stable structure but does not extend beyond the 
complex cation to link adjacent complex molecules.  
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Figure 6.10 
The asymmetric unit of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 showing hydrogen bonding interactions. 
Thermal displacement ellipsoids are set at 50% probability and hydrogen atoms not taking part in any 
interactions have been omitted. Symmetry codes: (i) 1-x, 1-y, 1-z; (ii) 1/2-x, -1+y, 1/2-z; (iii) +x, 1+y, 
+z; (iv) 1/2-x, +y, 1/2-z; (v) -1/2+x, 1-y, -1/2+z; (vi) 1/2-x, 1+y, 1/2-z. 
 
 
Figure 6.11 
Hydrogen bonding interactions in the structure of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3. 
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Table 6.5 
Tabulated distances for the hydrogen bonding interactions in the structure of 
[Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3. 
 
 
 
Figure 6.12 
View of the structure of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 down the a axis.  
 
The structure packs in ABAB type layers down the length of the c crystallographic axis. The 
layers consist of ordered complex molecules which are arranged in the same orientation 
through the ab crystallographic plane along their C2 axes. In the next layer the orientation of 
the complex cations are inverted and the layers repeat in an ABAB fashion (Figure 6.12). 
 
Interaction Distance (Å)
N(3)-H(3)···Cl(31) 3.149(3)
O(30)-H(30)···Cl(31) 3.1329(14)
C(19)-H(19)···Cl(31) 3.398(3)
C(32)-H(32)···Cl(31) 3.462(4)
C(36)-H(36)···Cl(31) 3.343(4)
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Table 6.6 
Selected bonding distances in the structure of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3. 
 
 
Table 6.7 
Selected bond angles in the structure of Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3. Symmetry code: (iv) 1/2-
x, +y, 1/2-z. 
 
 
The selected bond lengths in the structure of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 are almost 
identical to those seen in the structure of [RuCl(L
9
)(PPh3)2]Cl·CH3OH (Table 6.6). The 
most noticeable difference between the two is that the C(4)‒C(5) bond length is 
significantly longer in [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3, 1.567(5) Å, compared to that seen 
Distance (Å)
Ru(1)-N(8) 1.985(4)
Ru(1)-O(30) 2.135(3)
Ru(1)-P(11) 2.4110(7)
Ru(1)-N(2) 2.066(3)
N(2)-N(3) 1.347(4)
N(3)-C(4) 1.360(4)
C(4)-C(5) 1.567(5)
C(5)-C(6) 1.407(5)
C(6)-N(2) 1.352(4)
Angle (º)
N(8)-Ru(1)-O(30) 180.0(3)
P(11)-Ru(1)-P(11)
iv 179.80(5)
N(2)-Ru(1)-N(8) 77.84(8)
N(2)-N(3)-C(4) 111.6(3)
N(3)-C(4)-C(5) 106.9(3)
C(4)-C(5)-C(6) 106.1(3)
C(5)-C(6)-N(2) 109.5(3)
C(6)-N(2)-N(3) 105.9(3)
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in [RuCl(L
9
)(PPh3)2]Cl·CH3OH, 1.374(4) Å (average). The N(2)‒N(3)‒C(4) bond angle of 
111.6(3) does indicate that the pyrazolyl NH has not been deprotonated and so this is not the 
reason for this difference in bond length (Table 6.7). From the selected bond angles shown 
in Table 6.7 it can be seen that the pyridine N‒Ru‒O angle is exactly 180º and does not 
show the significant deviation from the octahedral ideal seen in the coordination sphere of 
[RuCl(L
9
)(PPh3)2]Cl·CH3OH. This is due to the monomeric structure of 
[Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 in which the coordinating water does not have to move in 
order to relieve steric conflict between the neighbouring cation. The coordinating water is 
also forming two symmetric hydrogen bonding interactions with the chloride anions and so 
a more central position allows these interactions to occur simultaneously. The octahedral 
distortion observed for the coordination sphere of [Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 is 
48.06(8)º, larger than the 35.34(5)º that was calculated for [RuCl(L
9
)(PPh3)2]Cl·CH3OH.   
The coordinating water in this complex has implications for its catalytic activity. As water is 
a more labile ligand than chlorido it is possible that this position trans to the ligand L
12
 
could be more easily exchanged for a substrate molecule. This will poise the complex in an 
ideal way for L
12
 to act as a proton deliverer and potentially speed up the transfer 
hydrogenation reaction. It is difficult to say, however, whether this structure will be present 
in the reaction mixture or the chlorido ligand will replace the coordinated water. It could be 
the case that the hydrogen bonding and packing effects stabilise this particular structure and 
the chlorido ligand may be the more favoured in solution. This is the reason for exchanging 
chloride for hexafluorophosphate. Hexafluorophosphate is expected to be too bulky to 
coordinate to the ruthenium centre thus leaving the position trans to the 3-bpp ligand 
coordinated by a more weakly bound solvent molecule. It is hoped that this solvent 
molecule could be more easily exchanged for a substrate molecule and so increase the 
catalytic activity of the dihexafluorophosphate complex when compared to its dichloride 
equivalent. 
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6.3.3. [Ru(OH2)(L
12
)(PPh3)2](PF6)2 
In this case crystals of the orange solid were obtained from methanol via slow vapour 
diffusion of diisopropyl ether. [Ru(OH2)(L
12
)(PPh3)2](PF6)2 was found to crystallise in the 
monoclinic space group C2/c (a = 41.2140(9); b = 12.9493(3); c = 21.7724(4) Å, α = 90°, β 
= 96.056(2)°, γ = 90°, V = 11554.9(4) Å3) and the asymmetric unit contains one complete 
formula unit with no lattice solvent (Figure 6.13). One of the hexafluorophosphate anions is 
disordered over two positions in a 1:1 ratio, and two of the phenyl rings on the same 
triphenylphosphine ligand are each disordered in a ratio of 1:1 over two positions. The 
disorder in the triphenylphosphine is the result of a steric clash between adjacent complex 
molecules where one position of the phenyl rings cannot be occupied by both molecules 
simultaneously (Figure 6.14). Adjacent molecules are symmetry related by C2 rotation axes 
which run parallel to the b crystallographic axis, one of which runs through the space 
between the disordered triphenylphosphine groups. These rotation axes do not intersect any 
atomic coordinates. The complex packs in an analogous manner to the structure of 
[Ru(OH2)(L
12
)(PPh3)2]Cl2·2CHCl3 where complex dications align in alternating layers along 
the bc crystallographic plane. In this case the complex dications are separated by 
hexafluorophosphate anions rather than chloroform solvent molecules however.  
The position trans to the ligand L
12
 was assigned as a coordinating water but this assignment 
is quite ambiguous. There is more electron density around this position which couldn’t be 
assigned to a fully occupied atomic position and this gives the largest unassigned peak in the 
structure a value of 2.83 e Å
-3
. It is possible that this position is not occupied uniformly 
throughout the structure and that a number of different molecules could coordinate. In 
additional to methanol and water there is also a possibility that a molecule of dinitrogen 
could coordinate to this position in a similar manner to that observed by Kuwata et al.
[10]
 In 
this paper molecules of dioxygen were also capable of coordinating to the ruthenium 
although in a side on conformation which doesn’t fit the remaining Q peaks in the structure.  
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Figure 6.13 
The asymmetric unit of [Ru(OH2)(L
12
)(PPh3)2](PF6)2 showing hydrogen bonding interactions. 
Thermal displacement ellipsoids are set at 50% probability and hydrogen atoms not taking part in any 
interactions have been omitted. Disordered phenyl rings and anion have only been shown in one 
position. 
 
 
Figure 6.14 
View of the steric clash between adjacent molecules in [Ru(OH2)(L
12
)(PPh3)2](PF6)2. Thermal 
displacement ellipsoids are set at 50% probability and hydrogen atoms have been omitted. 
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Figure 6.15 
View of the structure of [Ru(OH2)(L
12
)(PPh3)2](PF6)2 down the b crystallographic axis. 
 
The hydrogen bonding in this structure is limited to the two unique hexafluorophosphate 
anions which each accept a hydrogen bond from each of the two pyrazole NH groups on L
12
 
(Figure 6.10). These interactions are localised and so do not extend throughout the crystal 
linking adjacent molecules. The bond lengths and angles for the ruthenium coordination 
sphere and the pyrazolyl rings are very similar to those already observed in the structure of 
[RuCl(L
9
)(PPh3)2]Cl·CH3OH (Table 6.9 and Table 6.10). The major difference between 
these two structures is that the N(12)‒Ru(1)‒O(64) angle is much closer to 180º in the 
structure of [Ru(OH2)(L
12
)(PPh3)2](PF6)2 and this could reflect the non-dimeric nature of 
this structure. The angles of the N(2)‒N(3)‒C(4) and N(17)‒N(18)‒C(19) bonds in the 
pyrazolyl rings are 113.0(4)º and 112.0(4)º respectively, so indicates that these pyrazolyl 
NH groups are protonated as expected. 
 
Table 6.8 
Tabulated distances for the hydrogen bonding interactions in the structure of 
[Ru(OH2)(L
12
)(PPh3)2](PF6)2. 
 
 
Interaction Distance (Å)
N(3)-H(3)···F(66) 3.022(6)
N(18)-H(18)···F(72) 2.997(6)
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Table 6.9 
Selected bonding distances in the structure of [Ru(OH2)(L
12
)(PPh3)2](PF6)2. 
 
 
Table 6.10 
Selected bond angles in the structure of [Ru(OH2)(L
12
)(PPh3)2](PF6)2. 
 
 
In addition to the orange solid determined to be the trans isomer, the green solid thought to 
contain the cis isomer was also set up for crystallisation in an attempt to identify what 
substances were present. If the species in the green product were known it could have been 
used to increase the efficiency of the purification of the desired trans isomer. The green 
Distance (Å)
Ru(1)-N(12) 1.996(4)
Ru(1)-O(64) 2.137(5)
Ru(1)-P(26)/Ru(1)-P(27) 2.4095(12)/2.4086(13)
Ru(1)-N(2)/Ru(1)-N(17) 2.094(4)/2.097(4)
N(2)-N(3)/N(17)-N(18) 1.353(6)/1.358(6)
N(3)-C(4)/N(18)-C(19) 1.357(6)/1.356(7)
C(4)-C(5)/C(19)-C(20) 1.380(8)/1.376(8)
C(5)-C(6)/C(20)-C(21) 1.401(7)/1.385(8)
C(6)-N(2)/C(21)-N(22) 1.360(6)/1.353(6)
Angle (º)
N(12)-Ru(1)-O(64) 178.12(17)
P(26)-Ru(1)-P(27) 177.61(4)
N(2)-Ru(1)-N(12)/N(17)-Ru(1)-N(12) 77.73(16)/77.12(16)
N(2)-N(3)-C(4)/N(17)-N(18)-C(19) 113.0(4)/112.0(4)
N(3)-C(4)-C(5)/N(18)-C(19)-C(20) 106.0(5)/106.6(5)
C(4)-C(5)-C(6)/C(19)-C(20)-C(21) 106.1(5)/105.8(5)
C(5)-C(6)-N(2)/C(20)-C(21)-N(22) 110.5(5)/111.3(5)
C(6)-N(2)-N(3)/C(21)-N(22)-N(17) 104.4(4)/104.3(4)
Chapter 6 
 
219 
 
solid was dissolved in methanol and crystallised by the diffusion of diisopropyl ether. This 
yielded a green solution with small colourless crystals. The data collected using these 
crystals are only 30% complete to a 2θ of 133º and so a full structure could not be 
determined. The unit cell was determined to be trigonal and the space group that gave the 
best solution was R3 (a = 14.2825(10); b = 14.2825(10); c = 51.084(6) Å, α = 90°, β = 90°, 
γ = 120°, V = 9024.5(13) Å3). A crude solution of this data indicates that the crystal consists 
of [RuH(PPh3)4](PF6), which is a known complex.
[20]
 The hydride is not visible in the 
structure, which is expected due to the lack of electron density around the hydride and the 
two PF6 sites are only partially occupied, suggesting only 1 PF6 anion per formula unit. This 
structure is also supported by the similarity of the unit cell to the complex 
[Ag(PPh3)4](SbF6), for which the crystal structure has already been published.
[21]
 The 
colourless appearance of these crystals suggests that this is not the only component of the 
green fraction but explains why the phosphorous NMR is more complicated than that 
expected for just the cis isomer of [Ru(OH2)(L
12
)(PPh3)2](PF6)2.  
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6.4. Catalytic Activity 
The complexes whose pure trans isomer was obtained in sufficient yields were then 
screened for catalytic activity in the transfer hydrogenation of acetophenone derivatives. 
The general procedure for the transfer hydrogenation of acetophenone derivatives was 
adapted from the literature procedures.
[4, 22]
 A mixture of ketone and catalyst was suspended 
in isopropanol and heated to 80ºC before a solution of potassium isopropoxide was added to 
initiate the reaction. At time increments a sample was taken and decane was added which 
acted as a standard for the GC measurements. Decane was not used as an internal standard 
because of concerns that it may somehow interfere with the catalytic reaction. Unlikely as 
this is, the decane standard was added after the aliquot was taken as a precaution. 
 The GC was calibrated for the acetophenone derivatives and their corresponding alcohols in 
the same solution composition as the reaction mixture. The response factors calculated from 
these calibrations were then used to determine the amount of product and starting material 
that was present in each of the sample mixtures. Once a carefully measured amount of 
decane was added to each aliquot the samples were filtered through a plug of celite into GC 
vials and the samples were run as quickly as possible.  
Acetophenone overlapped with the phenylethanol product in the GC chromatogram and so 
the temperature ramp was halved from 20ºCmin
-1
 to 10ºCmin
-1
 which  increased running 
time but allowed the resolution of these peaks. The reaction mixtures where 3,4-
dihydroxyacetophenone and 4-nitroacetophenone were used as substrate were run with a 
temperature ramp of 20ºCmin
-1
. Aside from these differences the other parameters used in 
these methods were identical. 
Due to the poor yields of the pure complexes a full optimisation of the reaction could not 
take place. As the reaction conditions had been adapted from those which had already been 
optimised in the literature for similar complexes the only optimisation which took place was 
for the catalyst loading. In this way it was intended that the results obtained using the same 
method for each complex could be compared to one another and trends relating to the 
structure of catalyst and substrate identified. Three catalyst loadings of 0.2, 0.5 and 1.0 
mol% were initially screened using [Ru(OH2)(L
12
)(PPh3)2]Cl2 as the catalyst because it was 
obtained in the highest yield. In the literature pincer complexes of this type have been 
shown to be effective in loadings from 0.05-1 mol%.
[12, 22]
 In our case 1 mol% was chosen 
as the maximum loading in order to ensure multiple reactions using each complex were 
possible and acetophenone was used as the substrate. 
The results of the catalyst loading experiment show that even with 1 mol% of catalyst after 
20 hours at 80ºC the reaction is only 83.6% complete (Table 6.11). Conversely using 0.2 
mol% of catalyst resulted in no product formed whatsoever. In all cases the starting material 
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and product combined do not equal 100%, indicating possibly a side reaction generating a 
product which is either invisible to the detector or removed during the celite filtration. This 
could also be the reason for the 0.5% catalyst loading showing no starting material or 
product.  
 
Table 6.11 
Results for different loadings of the complex [Ru(OH2)(L
12
)(PPh3)2]Cl2 in the transfer hydrogenation 
reaction of acetophenone. Conditions: 
i
PrOH, 
i
PrOK, 80ºC. 
 
 
For the catalytic reactions 1 mol% of catalyst was chosen as the standard loading by which 
the performance of each complex as a transfer hydrogenation catalyst would be compared. 
First the catalytic activity of each complex was tested in the transfer hydrogenation reaction 
of acetophenone in order to identify any relation of ligand structure to catalytic activity. 
From these results it seems that [Ru(OH2)(L
12
)(PPh3)2](PF6)2 is the most catalytically active 
complex achieving an 80% conversion after only 4 hours (Table 6.12). The fluctuations 
after 4 hours indicate the error in this measurement which could be due to human error in 
the aliquot measurements or a loss of solvent due to evaporation affecting the 
concentrations. Ideally each reaction would be repeated three times and an average value 
taken, however this was not possible due to only a small amount of each catalyst being 
available.  
The [Ru(L)(PPh3)2]Cl2 complexes of ligands L
6
, L
10
 and L
12
 all show no catalytic activity 
during the first 8 hours of the reaction, and between 8-24 hours give conversions between 
52-80%. [Ru(L
13
)(PPh3)2]Cl2 only gives a final conversion of 64% of the substrate but 
shows catalytic activity after only two hours 
 
1 hr 20 hrs 1 hr 20 hrs
0.2% 26.5 38.4 0.0 0.0
0.5% 0.0 0.0 0.0 47.5
1.0% 22.6 0.0 0.0 83.6
Starting Material (%) Product (%)
Catalyst
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Table 6.12 
Results for transfer hydrogenation of acetophenone for complexes of the type [Ru(L)(PPh3)2]X2. 
Conditions: 
i
PrOH, 
i
PrOK, 80ºC. 
 
 
 Acetophenone, 3,4-dimethoxyacetophenone and 4-nitroacetophenone were used as 
substrates for transfer hydrogenation. 3,4-dimethoxyacetophenone and 4-nitroacetophenone 
were used to compare the effect of electron donating and electron withdrawing groups on 
the phenyl ring and whether they affect the productivity of the catalyst when compared to 
acetophenone. For the complex [Ru(OH2)(L
12
)(PPh3)2]Cl2 it seems that catalytic activity is 
increased when 3,4-dimethoxyacetophenone is used and decreased when 4-
nitroacetophenone is used as a substrate (Table 6.13).  
 
Table 6.13 
Results for the catalytic activity of [Ru(OH2)(L
12
)(PPh3)2]Cl2 on different acetophenone derivatives. 
Conditions: 
i
PrOH, 
i
PrOK, 80ºC. 
 
 
For the complex [Ru(OH2)(L
10
)(PPh3)2]Cl2 there was a large discrepancy between the three 
substrates (Table 6.14). While acetophenone showed around 80% of phenylethanol after 24 
hours after the same time there was a complete absence of 4-nitrophenylethanol when 4-
nitroacetophenone was used as a substrate. There is a small anomaly observed after 4 hours 
2 hrs 4 hrs 6 hrs 8 hrs 24 hrs
L
6
Cl
- 0.0 0.0 0.0 0.0 51.7
L
10
Cl
- 0.0 0.0 0.0 0.0 79.6
L
12
Cl
- 0.0 0.0 0.0 0.0 80.5
L
12
PF6
- 59.0 79.9 88.3 79.8 86.2
L
13
Cl
- 19.1 28.1 30.0 32.4 64.0
Product (%)
L X
-
2 hrs 4 hrs 6 hrs 8 hrs 24 hrs
3,4-dimethoxyacetophenone 4.2 6.5 7.5 10.9 29.5
acetophenone 0.0 0.0 0.0 0.0 80.5
4-nitroacetophenone 0.0 0.0 3.4 4.5 3.8
Product (%)
Substrate
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however this is within experimental error. Conversely this catalyst shows a higher activity 
towards 3,4-dimethoxyacetophenone and 3,4-dimethoxyacetophenone was produced after 
only two hours. The final value for the percentage of 3,4-dimethoxyacetophenone produced 
is 175% which is of course not a true value. This value was also obtained after the 
instrument was recalibrated and suggests that something could be happening in the reaction 
mixture that changes the response factor of the detector towards 3,4-
dimethoxyacetophenone.  
 
Table 6.14 
Results for the catalytic activity of [Ru(OH2)(L
10
)(PPh3)2]Cl2 on different acetophenone derivatives. 
Conditions: 
i
PrOH, 
i
PrOK, 80ºC. 
 
 
While these two complexes suggest an increased activity towards transfer hydrogenation of 
3,4-dimethoxyacetophenone compared to acetophenone, the complex [Ru(L
7
)(PPh3)2]Cl2 
shows an apparent decrease in activity (Table 6.15). The activity is still higher than when 4-
nitroacetophenone is used as a substrate however, which shows no formation of product 
even after 24 hours.  
 
Table 6.15 
Results for the catalytic activity of [Ru(L
7
)(PPh3)2]Cl2 on different acetophenone derivatives. 
Conditions: 
i
PrOH, 
i
PrOK, 80ºC. 
 
 
  
2 hrs 4 hrs 6 hrs 8 hrs 24 hrs
3,4-dimethoxyacetophenone 11.5 16.8 16.9 19.7 175.4
acetophenone 0.0 0.0 0.0 0.0 79.6
4-nitroacetophenone 0.0 2.9 0.0 0.0 0.0
Product (%)
Substrate
2 hrs 4 hrs 6 hrs 8 hrs 24 hrs
3,4-dimethoxyacetophenone 0.0 0.0 0.0 0.0 26.9
acetophenone 19.1 28.1 30.0 32.4 64.0
4-nitroacetophenone 0.0 0.0 0.0 0.0 0.0
Product (%)
Substrate
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6.5. Conclusion 
In total five ruthenium complexes of the type [Ru(L)(PPh3)2]X2 (where L = L
6
, L
7
, L
9
, L
10
, 
L
12
 and X = Cl, PF6) were obtained. The separation of the isomers proved troublesome and 
resulted in poor yields however, restricting the scope of catalytic activity measurements. 
Crystal structures of the complexes [RuCl(L
9
)(PPh3)2]Cl·CH3OH, 
[RuCl(L
12
)(PPh3)2]Cl·2CHCl3 and [Ru(L
12
)(OH2)(PPh3)2](PF6)2 were obtained and show 
that it is possible to exclude chlorido ligands from the ruthenium coordination sphere. It is 
possible that by replacing this site with a more labile ligand, such as water, catalytic activity 
could be increased by allowing the substrate to more easily bind. 
In one case a salt exchange was successfully carried out to make the hexafluorophosphate 
complex salt [Ru(L
12
)(OH2)(PPh3)2](PF6)2 with the intention of improving catalytic activity 
by freeing the site trans to the ligand L
12
 of chloride so a substrate can coordinate more 
easily. This appears to have been successful as [Ru(L
12
)(OH2)(PPh3)2](PF6)2 exhibited the 
highest catalytic activity, converting around 80% of acetophenone to phenylethanol after 
only 4 hours. Similar complexes where L = 2,6-di(1H-pyrazol-3-yl)pyridine in the literature 
have been shown to achieve 93% conversion after only 1 hour however, and ruthenium 
complexes containing 2,6-di(1-pyrazolyl)pyridine derivatives have shown up to 97% 
conversion after only 10 minutes.
[4, 23]
  
Further optimisation for the complexes in this chapter may have been achieved had higher 
yields of the complexes been obtained, but the activity recorded for these complexes using 
the same method are comparable to one another. Out of the chloride salts the complex with 
the highest initial activity towards transfer hydrogenation of acetophenone was 
[Ru(L
7
)(PPh3)2]Cl2 however this did not give the highest conversion after 24 hours. 
The initial rate of transfer hydrogenation of the acetophenone derivatives in most cases 
appears to decrease in the order 3,4-dimethoxyacetophenone > acetophenone > 4-
nitroacetophenone. This corresponds to the pattern of decreasing electron density at the 
phenyl ring, consistent with that observed in the literature and is related to electron density 
available at the C=O which determines the ease of activation.
[24-26]
 Final % conversions after 
24 hours, however, show that these TH catalysts are most active towards unsubstituted 
acetophenone. In the case of the catalysts [Ru(OH2)(L
10
)(PPh3)2]Cl2 and 
[Ru(OH2)(L
12
)(PPh3)2]Cl2 no acetophenone is converted to phenylethanol until after 8 hours 
at 80°C, but after 24 hours there is a 79.6% and 80.5% conversion respectively. 
These ligands have shown potential use in ruthenium transfer hydrogenation catalysts. 
Scope for further work includes refining the efficiency of the isomer separation of these 
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pincer complexes. This will also allow further optimisation of the catalytic reaction 
conditions and study of the effects of a wider range of substrates, as well as determining 
whether the results obtained here are reproducible.  
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7.1. General Experimental Considerations 
Elemental microanalyses were performed by the University of Leeds School of Chemistry 
microanalytical service. Electrospray mass spectra (ESMS) were obtained by the author and 
T. Marinko-Covell on a Bruker MicroTOF spectrometer, from MeCN feed solutions. All 
mass peaks have the correct isotopic distributions for the proposed assignments. 
Thermogravimetric analyses were run by A. Kazlauciunas at the University of Leeds using a 
TA instruments TGA 2050 analyser.  
NMR spectra were run by the author on a Bruker Avance DPX 300 or Bruker Avance DRX 
500 LC NMR at 298 K. Chemical shifts were quoted relative to residual solvent protons for 
1
H and 
13
C, and 
31
P NMR chemical shifts are quoted relative to 85% aqueous phosphoric 
acid. 
Magnetic susceptibility measurements were performed by F. Tuna, L. J. Kershaw Cook or 
R. Kulmaczewski on a Quantum Design VSM SQUID magnetometer, in an applied field of 
5000 G. A diamagnetic correction for the sample was estimated from Pascal’s constants; a 
diamagnetic correction for the sample holder was also measured, and applied to the data. 
Variable temperature magnetic susceptibility in solution via the Evans method were 
performed by S. Barrett on a Bruker DRX 500 spectrometer at a frequency of 500.13 
MHz.
[1, 2]
 A diamagnetic correction for the solvent, and a correction for the change in 
density of the solvent with temperature, were applied to these data.
[3]
 
Fixed temperature powder diffraction measurements were carried out by the author at 
ambient temperature on a Bruker D2 Phaser equipped with a LynxEye detector using Long 
Fine Focused Cu radiation (λ° = 1.54060 Å) and data workup was performed using Bruker 
DIFFRAC Suite software. Variable temperature powder diffraction measurements were 
obtained by T. Comyn at the University of Leeds School of Chemical and Process 
Engineering using a Panalytical Xpert MPD diffractometer with an Anton Par TTK 450 
stage. 
Diffraction data were measured by the author, M. A. Little or L. J. Kershaw Cook using one 
of the following: (i) Bruker X8 Apex II diffractometer fitted with an Oxford Cryostream 
low temperature device, using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) 
generated by a rotating anode, (ii) Agilent SuperNova diffractometer equipped with an Atlas 
CCD detector and connected to an Oxford Cryostream low temperature device using 
monochromated Cu Kα radiation (λ = 1.54184 Å) / Mo Kα radiation (λ = 0.7107 Å) from a 
Microfocus Nova/Mova X-ray source. Structures were solved by M. A. Halcrow, or the 
author. Structure solution by Direct and Patterson methods was achieved through the use of 
SHELXS86 program and the structural model refined by full matrix least squares on F
2
 
using SHELXL97.
[4]
 Editing of crystallographic information files was carried out using 
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Platon.
[5]
 Molecular graphics and geometric information were calculated by the Olex 2 
program.
[6]
 
Dry solvents were obtained from the University of Leeds solvent purification service.  
GC analyses were performed using a Bruker 430-GC equipped with a CP-8400 autosampler. 
Separation was achieved using a BR-5 column (30 m x 0.25 mm (ID) x 0.25 µm film 
thickness) with carrier gas flow rate of 2.0 mLmin
-1
. The temperature ramp from 50 to 310 
o
C for reactions involving 3,4-dimethoxyacetophenone and 4-nitroacetophenone was 20 
o
Cmin
-1
 and 10ºCmin
-1
 for those involving acetophenone. The injection volume was 1 µL 
with a split ratio of 10. The response factors for the standard, substrate and product were 
calculated using an appropriate calibration for this GC and column. 
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7.2. Chapter 3: 
Iron(II) Complexes of 2,6-Di(1-alkylpyrazol-3-yl)pyridine Derivatives 
 
7.2.1. 2,6-Di[(N,N-dimethylamino)-1-oxoprop-2-en-1-yl]pyridine[7] 
 
2,6-Diacetyl pyridine (5 g, 30 mmol) was dissolved in neat N,N-dimethylformamide 
dimethylacetal (25 g, 171 mmol) to give a clear solution. The solution was then heated at 
reflux (110  C) for 6 hours after which an orange precipitate had formed and the solution 
turned brown. The precipitate was filtered off and thoroughly washed with acetone. Yield 
5.48 g, 66.8 %.  
CHN analysis: Calcd. from C15H19O2N3 C, 65.91; H, 7.00; N, 15.37 %.  Found C, 65.70; H, 
7.00; N, 15.45 %. 
ES
+
 mass spectrum: Calcd. from C15H19O2N3 ·H
+
 274.2 g mol
-1
. m/z 274.2.  
1
H-NMR δH (500 MHz, METHANOL - d4): 3.08 (s, 6 H, CH3), 3.28 (s, 6H, CH3), 6.66 (s, 2 
H, COHC=CH), 8.01 (d, J=9 Hz, 2 H, COHC=CH), 8.02 (t, J=7.7 Hz, 1 H, Py H
4
), 8.14 (d, 
J=7.4 Hz, 2 H, Py H
3
). 
13
C{
1
H}-NMR δC (126 MHz, METHANOL - d4):  30.7 (CH3), 37.7 (CH3), 45.7 (CH3), 92.2 
(C
2`
), 124.4 (Py C
3
), 139.0 (Py C
4
), 156.2 (Py C
2
), 157.0 (C
3`
), 210.0 (C=O).  
IR mid: ν(C–H)alkene = 3102 cm
-1
 (m), ν(C–H)aromatic = 3025 cm
-1
 (m), ν(C–H)aliphatic = 2916 
cm
-1
 (m), ν(C=O) = 1644 cm-1 (s). 
 
7.2.2. 2,6-Di(1H-pyrazol-3-yl)pyridine[8] 
 
Hydrazine hydrate (6.0 g, 200 mmol) was added to a stirred suspension of 2,6-bis[(N,N`-
dimethylamino)-1`-oxoprop-2`-en-1`-yl]pyridine (5.0 g, 18 mmol) in ethanol (75 ml) and 
then heated to reflux for 20 hours, after which the orange suspension had turned to a pale 
yellow solution. The solution was allowed to cool and water added until a white precipitate 
formed which was filtered and recrystallised from chloroform to give a colourless 
crystalline solid. Yield 3.12 g, 81.2 %.  
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CHN analysis: Calc. from C11H9N5 C, 62.59; H, 4.30; N, 33.16 %. Found C, 62.25; H, 4.25; 
N, 33.50 %.  
EI
+
 mass spectrum: Calc. from C11H9N5 211.1 g mol
-1
. m/z 211.1. 
1
H-NMR δH (300 MHz, DMSO d6): 6.90 - 8.00 (br. m, 7 H, Py H
3/4/5
 Pz H
3’/4’/5’
), 13.02 (s, 1 
H, NH), 13.49 (s, 1 H, NH).  
13
C{
1
H}-NMR δC (126 MHz, DMSO d6) 103.5 (Pz C
4’
), 117.7 (Py C
3
), 129.7 (Pz C
5’
), 
140.3 (Py C
4
), 147.2 (Pz C
3’
 or Py C
2
), 151.1 (Pz C
3’
 or Py C
2
). 
 
7.2.3. 2,6-Di(1-methylpyrazol-3-yl)pyridine (L1)[9] 
 
Iodomethane (2.80 g, 20.0 mmol) was added to a stirred solution of 2,6-di(1H-pyrazol-3-
yl)pyridine (1.50 g, 7.1 mmol) and sodium methoxide (1.08 g, 20 mmol) in dry THF and the 
mixture was heated at reflux for 48 hours. The solvent was then evaporated to leave a pale 
yellow solid. The product was then dissolved in chloroform and washed with water (3 x 30 
mL). The solvent was then evaporated to leave a white crystalline solid. 0.83 g, 48.8 %.  
CHN analysis: Calcd. from C13H13N5 C, 65.25; H, 5.48; N, 29.27 %. Found C, 64.65; H, 
5.45; N, 29.50 %.  
ES
+
 mass spectrum: Calcd. from C13H13N5·Na
+
 262.1 g mol
-1
.  m/z 262.1. 
1
H-NMR δH (500 MHz, CHLOROFORM-d): 3.63 (s, 6 H, CH3), 6.76 (d, J=2.3 Hz, 2 H, Pz 
H
4’`
), 7.38 (d, J=2.3 Hz, 2 H, Pz H
5’
), 7.63 (d, J=7.8 Hz, 2 H, Py H
3’
), 7.79 (t, J=7.8 Hz, 1 H, 
Py H
4
).  
13
C{
1
H}-NMR δC (126 MHz, CHLOROFORM-d): 39.0 (CH3), 104.2 (C
4’
), 119.0 (C
3
), 
132.6 (C
5’
), 138.8 (C
4
), 150.3 (C
2
 or C
3’
), 150.9 (C
2
 or C
3’
).  
IR mid: ν(C–H)aromatic = 3093 cm
-1
 (s), ν(C–H)aliphatic = 2939 cm
-1
 (s), ν(C=C)aromatic = 1603 
cm
-1
 (m). 
 
7.2.4. 2,6-Di(1-isopropylpyrazol-3-yl)pyridine (L2)[9] 
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2,6-Di(1H-pyrazol-3-yl)pyridine (2.00 g, 9.5 mmol) and lithium hydride (0.22 g, 28.4 
mmol) were suspended in dry THF and 2-iodopropane (4.83 g, 28.4 mmol) was added. The 
mixture was then heated at reflux for 3 days after which a white precipitate had formed. 
This was collected via filtration, washed with water and thoroughly dried under high 
vacuum. 2.67 g, 95.3 %. 
ES
+
 mass spectrum: Calcd. from C17H21N5·Na
+
 318.2 g mol
-1
. m/z 318.2.  
1
H NMR δH (500 MHz, DMSO-d6): 1.47 (d, J=6.7 Hz, 12 H, CH3) 4.57 (sept, J= 6.6 Hz, 2 
H, CH(CH3)2) 6.92 (d, J=2.1 Hz, 2 H, Pz H
4’
), 7.83 (s, 2 H, Pz H
5’
), 7.84 (s, 2 H, Py H
3/5
), 
7.84 (s, 1 H, Py H
4
). 
13
C{
1
H}-NMR δC (300 MHz, DMSO d6): 22.2 (CH3), 54.3 (CH(CH3)2), 104.0 (Pz C
4`
), 
119.3 (Py C
3
), 128.9 (Pz C
5`
), 139.0 (Py C
4
), 149.6 (Py C
2
 or Pz C
3`
), 151.0 ((Py C
2
 or Pz 
C
3`
). 
IR mid: ν(C–H)aromatic = 3094 cm
-1
 (m), ν(C–H)alkane = 2934 cm
-1
 (s), ν(C–H)alkane = 2875 cm
-
1
 (m), ν(C=C)aromatic = 1574 cm
-1
 (m). 
 
7.2.5. 2,6-Di(1-allylpyrazol-3-yl)pyridine (L3) 
 
2,6-Di(1H-pyrazol-3-yl)pyridine (2.00 g, 9.5 mmol) and lithium hydride (0.22 g, 28.4 
mmol) were suspended in anhydrous THF and stirred until effervescence ceased. Allyl 
bromide (3.43 g, 28.4 mmol) was then added and the mixture was heated at reflux for 16 
hours. The solvent was then evaporated and the resulting solid was then suspended in water 
and extracted with chloroform. The organic layer was dried with magnesium sulphate and 
the solvent evaporated, which left an orange oily substance. This was then frozen using 
liquid nitrogen and placed under high vacuum to remove the last solvent residue, leaving 
apale yellow crystalline solid. 1.48 g, 53.5 %.  
CHN analysis: calcd from C17H17N5 C, 70.08; H, 5.88; N, 24.04 %. Found C, 69.45; H, 
5.90; N, 23.90 %. 
ES
+
 mass spectrum: Calcd from C17H18N5
+
 292.16 g mol
-1
, m/z 292.15.  
1H NMR δH (500 MHz, CHLOROFORM-d): 4.75 (d, J=5.95 Hz, 21 H, CH2) 5.18 (ddd, 
J=16.78, 6.1, 1.1 Hz, 4 H, CH=CH2) 6.00 (ddt, J=16.8, 10.5, 5.9, 5.9 Hz, 2 H, CH=CH2) 
6.97 (d, J=2.3 Hz, 2 H, Pz H
4’
) 7.38 (d, J=2.3 Hz, 2 H, Pz H
5’
) 7.65 (t, J=7.8 Hz, 1 H, Py H
4
) 
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7.80 (d, J=7.8 Hz, 2 H, PyH
3/5
).  
13C NMR δC (500 MHz, CHLOROFORM-d): 54.9 (CH2), 105.0 (Pz C
4’
), 118.5 (Py C
3
), 
118.6 (CH=CH2), 130.3 (Pz C
5’
), 132.9 (CH=CH2), 137.0 (Py C
4
), 151.8 – 152.2 (Py C2, Pz 
C
3’
). 
 
7.2.6. 2,6-Di(1-benzylpyrazol-3-yl)pyridine (L4)[9] 
 
2,6-Di(1H-pyrazol-3-yl)pyridine (2.00 g, 9.5 mmol) and lithium hydride (0.22 g, 28.4 
mmol) were suspended in dry THF and benzyl bromide (4.86 g, 28.4 mmol) was added. The 
mixture was then heated at reflux for 44 hours under a nitrogen atmosphere. The resulting 
white precipitate was removed via filtration and washed with water. The solid was then 
recrystallised from chloroform and thoroughly dried under high vacuum. 1.67 g, 44.8 %. 
EI
+
 mass spectrum: Calcd. from C25H21N5 391.2 g mol
-1
, m/z 391.2. 
1
H-NMR δH (500 MHz, CHLOROFORM-d): 5.15 (s, 4 H, CH2), 6.86 (s, 2 H, PzH
4`
), 6.90 – 
7.20 (m, 10 H, Bz H), 7.30 (d, J=2.3 Hz, 2 H, Pz H
5’
), 7.66 (t, J=5.0 Hz, 1 H, Py H
4
), 7.71 
(s, 2 H, PyH
3/5
).  
13
C{
1
H}-NMR δC (126 MHz, CHLOROFORM-d): 56.2 (CH2), 105.2 (Pz C
5`
), 118.6 (Py 
C
3
), 127.0 – 129.0 (Bz C2’’/6’’ , C3’’/5’’ , C4’’)130.9 (Pz C4`), 136.4 (Bz C1``), 137.3 (Py C4), 
151.7 (Py C
2
).  
IR mid: ν(C–H)aromatic = 3032 cm
-1
 (s), ν(C–H)alkane = 2925 cm
-1
 (m), ν(C=C)aromatic = 1602 
cm
-1
 (s).  
 
7.2.7. 2,6-Di(1-phenylpyrazol-3-yl)pyridine (Attempted Synthesis)  
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2,6-Di[(N,N-dimethylamino)-1-oxoprop-2-en-1-yl]pyridine (84.4 mg, 0.3 mmol) was 
suspended in an ethanol/acetic acid mixture (7:3, 50 mL) and phenylhydrazine (90 μL, 0.9 
mmol) and the mixture was stirred at room temperature for 20 hours. The mixture was then 
neutralised with saturated sodium carbonate solution, forming an orange oil which was 
separated and dried under vacuum. LCMS shows 3 peaks with m/z 364.2 [MH]
+
.  
 
7.2.8. [Fe(L1)2](BF4)2
[10]
  
 
Iron(II) tetrafluoroborate hexahydrate (0.14 g, 0.4 mmol) was added to a stirred solution of 
2,6-di(1-methylpyrazol-3-yl)pyridine (0.20 g, 0.8 mmol) in nitromethane (15mL) and the 
resulting yellow solution was stirred for a further 30 minutes. Diethyl ether was then added 
until a yellow precipitate formed which was collected via filtration. The product was then 
recrystallised from methanol/diethyl ether to give a yellow crystalline solid. 0.51 g, 53.7 %. 
CHN analysis: Calcd. from C26H26B2F8FeN10 C, 44.11; H, 3.70; N, 19.78 %. Found C, 
43.95; H, 3.65; N, 19.65 %. 
ES
+
 mass spectrum: calcd. from C26H26FeN10
2+
 534.2 g mol
-1
. Found m/z 267.1 [1]
2+
. 
1
H-NMR δH (300 MHz, METHANOL - d3): 2.2 (12 H, CH3), 22.6 (2H, Py H
4
), 48.5 (4 H, 
Pz H
3’
), 57.1 (4 H, Py H
3/5
 or Pz H
3’
), 62.0 (4H, Py H
3/5
 or Pz H
5’
). 
IR mid: ν(C–H)aromatic = 3149 cm
-1
 (s), ν(C=C)aromatic = 1616 cm
-1
 (m), ν(B–F) = 1047 cm-1 
(vs). 
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7.2.9. [Fe(L1)2](ClO4)2
[10]
 
 
Iron(II) perchlorate hydrate (0.11 g, 0.4 mmol) was added to a stirred solution of 2,6-di(1-
methylpyrazol-3-yl)pyridine (0.20 g, 0.8 mmol) in nitromethane (15mL) and the resulting 
orange solution was stirred for a further 30 minutes. Diethyl ether was then added and put in 
the freezer for 2 hours until a yellow precipitate formed which was collected via filtration. 
The product was then recrystallised from methanol/diethyl ether to give a yellow crystalline 
solid. 0.11 g, 37.5 %.  
CHN analysis: Calcd. from C26H26Cl2FeN10O8 C, 42.59; H, 3.57; N, 19.10 %. Found C, 
42.60; H, 3.50; N, 19.05 %.  
ES
+
 mass spectrum: calcd. from C26H26FeN10
2+
 534.2 g mol
-1
. Found m/z 267.1 [1]
2+
. 
1
H-NMR δH (300 MHz, METHANOL - d3): 2.2 (12 H, CH3), 22.6 (2 H, Py H
4
), 48.5 (4 H, 
Pz H
3’
), 57.1 (4 H, Py H
3/5
 or Pz H
3’
), 62.0 (4 H, Py H
3/5
 or Pz H
5’
). 
IR mid: ν(C–H)aromatic = 3132 cm
-1
 (m), ν(C=C)aromatic = 1615 cm
-1
 (m), ν(Cl–O) = 1097 cm-1 
(vs). 
 
7.2.10. [Fe(L1)2](PF6)2
[10]
 
 
Iron(II) chloride tetrahydrate (0.08 g, 0.4 mmol) was added to a stirred suspension of 2,6-
di(1-methylpyrazol-3-yl)pyridine (0.20 g, 0.8 mmol) in water (15 mL). The mixture was 
stirred for 30 minutes and the mixture was filtered and saturated ammonium 
hexafluorophosphate aqueous solution (10 mL) was added causing precipitation of a yellow 
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solid which was collected via filtration. The product was recrystallised from 
methanol/diethyl ether to give a yellow crystalline solid. 0.23 g, 70.4 %. 
CHN analysis: Calcd. from C26H26F12FeN10P2 C, 37.88; H, 3.18; N, 16.99 %. Found C, 
37.80; H, 3.10; N, 17.05 %.  
ES
+
 mass spectrum: calcd. from C26H26FeN10
2+
 534.2 g mol
-1
. Found m/z 267.1 [1]
2+
. 
1
H-NMR δH (300 MHz, METHANOL - d3): 2.2 (12 H, CH3), 22.6 (2 H, Py H
4
), 48.5 (4 H, 
Pz H
3’
), 57.1 (4 H, Py H
3/5
 or Pz H
3’
), 62.0 (4 H, Py H
3/5
 or Pz H
5’
). 
IR mid: ν(C–H)aromatic = 3149 cm
-1
 (s), ν(C=C)aromatic = 1616 cm
-1
 (m), ν(P–F) = 834 cm-1 
(vs). 
 
7.2.11. [Fe(L2)2](BF4)2·H2O
[10]
 
 
Iron(II) tetrafluoroborate hexahydrate (0.11 g, 0.3 mmol) was added to a stirred solution of 
2,6-di(1-isopropylpyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) in methanol (15 mL). The 
mixture was stirred for a further 45 minutes before the yellow precipitate was removed via 
filtration and washed with diethyl ether. 0.17 g, 54.8 %. Crystals suitable for XRD were 
obtained via slow vapour diffusion from acetonitrile/diisopropyl ether.  
CHN analysis: calcd. from  C34H42B2F8FeN10·H2O C, 48.72; H, 5.29; N, 16.71 %. Found C, 
48.90; H, 4.95; N, 16.70 %. 
ES
+
 mass spectrum: calcd. from C34H42FeN10 646.3 g mol
-1
. m/z 323.2 [2]
2+
.   
1H NMR δH (500 MHz, ACETONITRILE-d3): 2.2 (24 H, CH(CH3)2) 4.7 (4 H, CH(CH3)2), 
21.1 (2 H, Py H
4
), 45.8 (4H, Pz H
5’
), 60.8 (4 H, Pz H
4’
 or Py H
3/5
), 61.6 (4 H, Pz H
4’
 or Py 
H
3/5
).  
IR mid: ν(C–H)aromatic = 3146, 3085 cm
-1
 (m), v(C – H)alkane = 2981, 2940, 2882 cm
-1
, 
ν(C=C)aromatic = 1614 cm
-1
 (s), ν(B–F) = 1055 cm-1 (vs). 
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7.2.12. [Fe(L2)2](ClO4)2
[10]
 
 
Iron(II) perchlorate hydrate (0.09 g, 0.4 mmol) was added to a stirred solution of 2,6-di(1-
isopropylpyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) in methanol (20 mL). The mixture was 
stirred for a further 45 minutes before the yellow precipitate was removed via filtration and 
washed with diethyl ether. 0.15 g, 45.8%. Crystals suitable for XRD were obtained via slow 
vapour diffusion from acetonitrile/diisopropyl ether. 
CHN analysis: calcd from C34H42Cl2FeN10O8·H2O C, 47.29; H, 5.14; N, 16.22 %. Found C, 
47.50; H, 4.95; N, 16.15 %. 
ES
+
 mass spectrum: calcd. from C34H42FeN10 646.3 g mol
-1
. m/z 323.2 [2]
2+
. 
1H NMR δH (500 MHz, ACETONITRILE-d3): 2.1, 2.2 (24 H, CH(CH3)2), 4.7 (4 H, 
CH(CH3)2), 21.1 (2 H, Py H
4
), 45.8 (4 H, Pz H
5’
), 60.8 (4 H, Pz H
4’
 or Py H
3/5
), 61.6 (4 H, 
Pz H
4’
 or Py H
3/5
).  
IR mid: ν(C–H)aromatic = 3135, 3085 cm
-1
 (m), v(C – H)alkane = 2981, 2938, 2880 cm
-1
, 
ν(C=C)aromatic = 1614 cm
-1
 (s), ν(Cl – O) = 1084 cm-1 (vs). 
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7.2.13. [Fe(L2)2](PF6)2
[10]
 
 
Ferrous chloride tetrahydrate (0.07 g, 0.3 mmol) was added to a stirred solution of 2,6-di(1-
isopropylpyrazol-3-yl)pyridine (0.20 g, 0.7 mmol), and then a saturated solution of 
ammonium hexafluorophosphate in water (10 mL) was added. The yellow precipitate which 
formed was collected via filtration. 0.26 g, 81.0 %. Crystals suitable for XRD were obtained 
via slow vapour diffusion from acetonitrile/diisopropyl ether. 
CHN analysis: calcd from C34H42F12FeN10P2 C, 43.60; H, 4.52; N, 14.96 %. Found C, 43.15; 
H, 4.40; N, 14.90 %. 
ES
+
 mass spectrum: calcd. from C34H42FeN10 646.3 g mol
-1
. m/z 323.2 [2]
2+
. 
1H NMR δH (500 MHz, ACETONITRILE-d3):2.1, 2.2 (24 H, CH(CH3)2), 4.7 (4 H, 
CH(CH3)2), 21.1 (2 H, Py H
4
), 45.8 (4 H, Pz H
5’
), 60.8 (4 H, Pz H
4’
 or Py H
3/5
), 61.6 (4 H, 
Pz H
4’
 or Py H
3/5
).  
IR mid: ν(C–H)aromatic = 3151 cm
-1
 (m), v(C – H)alkane = 2980, 2937, 2882 cm
-1, ν(C=C)aromatic 
= 1614 cm
-1
 (s), ν(P – F) = 841 cm-1 (vs). 
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7.2.14. [Fe(L3)2](BF4)2
[10]
 
 
2,6-Di(1-allylpyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) was dissolved in methanol (15 mL) 
and iron(II) tetrafluoroborate hexahydrate (0.12 g, 0.3 mmol) was added. The mixture was 
then stirred for a further 30 minutes after which a yellow precipitate had formed. The 
precipitate was removed via filtration. 0.218 g, 78.9 %. 
CHN analysis: Calcd. from C34H34B2F8FeN10 C, 50.28; H, 4.22; N, 17.25 %. Found C, 
50.10; H, 4.15; N, 16.95 %. 
ES
+
 mass spectrum: Calcd from C34H34FeN10
2+
 319.12 g mol
-1
, found m/z 319.12. 
1H NMR δH (500 MHz, ACETONITRILE-d3): -0.6 (8 H, CH2(alkyl)), 2.1 (8 H, CH2(allyl)), 2.2 
(4 H, CH(allyl)), 21.7 (2 H, Py H
4
), 46.8 (4 H, Pz H
5’
), 58.9 – 61.8 (Py H3/5, Pz H4’). 
IR mid: ν(C–H) = 3126, 2987 cm-1 (m), v(C=C)alkene = 1645 cm
-1
 (w), ν(C=C)aromatic = 1614 
cm
-1
 (s), ν(B – F) = 1050 cm-1 (vs). 
 
7.2.15. [FeL4)2](BF4)2
[10]
 
 
Iron(II) tetrafluoroborate hexahydrate (0.09 g, 0.2 mmol) was added to a stirred solution of 
2,6-di(1-benzylpyrazol-3-yl)pyridine(0.2 g, 0.5 mmol) in methanol (15 mL) and stirred for a 
further hour. Diethyl ether was added and the resulting precipitate was removed via 
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filtration. 0.17 g, 66.4 %.  
CHN analysis: calcd. from C50H42B2F8FeN10 C, 59.32; H, 4.18; N, 13.84 %. Found C, 58.75, 
H, 4.10; N, 13.75 %. 
ES
+
 mass spectrum: calcd. from C50H42FeN10 838.8 g mol-1. m/z 419.2 [4]
2+
. 
1H NMR spectrum δH (500 MHz, ACETONITRILE-d3): -0.5 (8 H, CH2), 2.2 (8 H, Bz 
H
2’’/6’’
), 5.5 (8 H, Bz H
3’’/5’’
), 6.4 (4 H, Bz H
4’’
), 20.8 (2 H, Py H
4
), 46.0 (4 H, Pz H
5’
), 59.5 (4 
H, Pz H
4’
 or Py H
3/5
), 60.9 (4 H, Pz H
4’
 or Py H
3/5
).  
IR mid: ν(C–H)aromatic = 3145, 3034 cm
-1
 (m), ν(C=C)aromatic = 1610 cm
-1
 (s), ν(B – F) = 1052 
cm
-1
 (vs). 
 
7.3. Chapter 4: 
Substitution of 2,6-Di(1H-pyrazol-3-yl)pyridine at the Pyrazolyl C4, C5 
Positions and the Pyridyl C4 Position and Implications on Spin Crossover 
 
7.3.1. 2,6-Di(3-oxo-3-propanenitrile)pyridine[11]  
 
2,6-pyridine dicarboxylic methyl ester (25.0 g, 128 mmol) and acetonitrile (13.5 ml, 320 
mmol) were dissolved in dry THF (300 ml) and sodium hydride (21.0 g) was added. The 
mixture was then heated at reflux for 2 hours and then the pale yellow solid was filtered off. 
This was re-dissolved in water (400 ml) and acidified to ~pH 5. The solid which 
precipitated was filtered, washed with water, dried and re-crystallised from ethanol/dioxane 
to give an orange solid. Yield 9.4 g, 34.4 %. 
CHN analysis: Calcd. for C11H7O2N3 C, 61.97; H, 3.31; N, 19.71 %. Found C, 62.10; H, 
3.30; N, 19.55 %.  
ES
+
 mass spectrum: Calcd. for C11H7O2N3Na
+
 236.2 g mol
-1
. m/z 236.1.  
1
H-NMR δH (500 MHz, ACETONE-d6): 4.84 (s, 4 H, CH2), 8.38 (s, 3 H, Py H
3/5
, Py H
4
).  
13
C{
1
H}-NMR δC (126 MHz, ACETONE-d6): 28.6 (CH2), 114.8 (C≡N), 125.8 (Py C), 
139.4 (Py C), 150.0 (Py C), 189.3 (C=O).  
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7.3.2. 2,6-Di(5-amino-1H-pyrazol-3-yl)pyridine (L5)[12] 
 
Hydrazine hydrate (9.00 g, 180 mmol) was added to a suspension of pyridine-2,6-bis-(3-
oxo-3-propanenitrile) (8.00 g, 37 mmol) in ethanol absolute (100 ml) and the mixture 
refluxed for 20 hours, after which a beige precipitate formed. The solvent was reduced and 
then diethyl ether (225 ml) was added. The precipitate was then filtered, washed with 
pentane and dried under vacuum. Rapidly loses mass when heated, possibly holding solvent. 
Explains poor CHN results. Yield 5.18 g, 57.2 %.  
CHN analysis: Calcd. from C11H11N7·H2O C, 50.96; H, 5.05; N, 37.82 %. Found C, 50.10; 
H, 4.95; N, 37.25 %.  
ES
+
 mass spectrum: Calcd. from C11H11N7·H
+
 242.1 g mol
-1
. m/z 242.1.  
1
H-NMR δH (500 MHz, DMSO-d6): 4.69 (s, 4 H, NH2), 6.09 (s, 2 H, Pz H
4’
), 7.55 (s, 2 H, 
Py H
3/5
), 7.82 (s, 1 H, Py H
4
), 12.16 (s, 2 H, Pz NH).  
13
C-NMR δC (126 MHz, DMSO-d6): 90.0 (Pz C
4’
), 117.4 (Py C
3
), 138.3 (Py C
4
), 141.2 (Pz 
C
3’
 or Pz C
5’
), 147.3 (Pz C
3’
 or Pz C
5’
), 156.5 (Py C
2
). 
 
7.3.3. 2,6-Di(5-tertbutylamido-1H-pyrazol-3-yl)pyridine hydrochloride[12] 
 
Trimethylacetyl chloride (4.00 g, 33.2 mmol) was added to a stirred suspension of 2,6-
Bis(5-amino-1H-pyrazol-3-yl)pyridine (2.00 g, 8.3 mmol) in dry acetonitrile (90 mL) under 
a nitrogen atmosphere. The mixture was then heated at reflux under nitrogen for 48 hours, 
after which a white precipitate had formed and was removed via filtration. 2.78 g, 75.1 %. 
CHN analysis: Calcd. from C21H28ClN7O2 C, 56.56; H, 6.33; N, 21.99; Cl, 7.95 %. Found C, 
56.25; H, 6.35; N, 22.15; Cl, 8.10 %.  
ES
+
 mass spectrum: Calcd. From C21H27N7O2·Na
+
 432.2g mol
-1
. m/z 432.2. 
1
H-NMR δH (300 MHz, DMSO-d6): 1.23 (s, 18H, CH3), 7.16 (s, 2 H, Pz H
4’
), 7.73 (d, 7.8 
Hz, 2 H, Py H
3/5
), 7.93 (t, 7.5 Hz, 1 H, Py H
4
), 9.98 (s, 2 H, Pz NH).  
13
C-NMR δC (126 MHz, DMSO-d6): 27.1 (CH3), 30.7 (C(CH3)3), 95.4 (Pz C
4’
), 118.3 (Py 
C
3/5
), 138.8 (Py C
4
), 141.4-148.0 (Py C
2/6
, Pz C
3’
 and Pz C
5’
), 175.9 (C=O).  
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7.3.4. 2,6-Di(5-tertbutylamido-1H-pyrazol-3-yl)pyridine (L6)[12]  
 
Saturated sodium carbonate solution (150 mL) was added to a suspension of 2,6-di(5-
tertbutylamido-1H-pyrazol-3-yl)pyridine hydrochloride (2.50 g, 5.6 mmol) in chloroform 
(150 mL) and the mixture was heated at reflux for 72 hours. The resulting two phase 
solution was allowed to cool and then separated. The aqueous layer was then extracted with 
dichloromethane (2 x 30 mL), the organic fractions combined and evaporated to leave a 
white solid. Approximates as the 0.5 methanol solvate. 1.62 g, 70.7 %.  
CHN analysis: Calcd. from C21H27N7O2·0.5MeOH C, 60.69; H, 6.87; N, 23.04 %. Found C, 
60.55; H, 6.65; N, 23.25 %. 
ES
+
 mass spectrum: Calcd. From C21H27N7O2·Na
+
 432.2 g mol
-1
.  m/z 432.2. 
1
H-NMR δH (300 MHz, CHLOROFORM-d): 1.27 (s, 18 H, CH3), 7.19 (s, 2 H, Pz H
4’
), 7.31 
(s, 2 H, CONH), 7.46 (d, J=7.8 Hz, 2 H, Py H
3/5
), 7.71 (t, J=6.0 Hz, 1 H, Py H
4
) 8.86 (s, 2 
H, Pz NH), 12.41 (s, 2 H, Pz NH).  
13
C-NMR δC (126 MHz, CHLOROFORM-d): 26.5 (CH3), 94.7 (Pz C
4’
), 118.7 (Py C
3/5
), 
137.2 (Py C
4
), 141.2 – 148.5 (Py C2/6, Pz C3’, Pz C5’), 175.58 (NHC=O). 
IR mid: ν(N–H)amide = 3386 cm
-1
 (w), ν(C–H)aliphatic = 2969 cm
-1
 (m), ν(C=O)amide = 1671 cm
-
1
 (s). 
 
7.3.5. 2,6-Di(5-benzylamido-1H-pyrazol-3-yl)pyridine hydrochloride[12] 
 
2,6-Di(5-amino-1H-pyrazol-3-yl)pyridine (2.00 g, 8.3 mmol) was suspended in dry 
acetonitrile (90 mL) under nitrogen and benzoyl chloride (4.00 g, 28.4 mmol) was added. 
The mixture was then heated at reflux for 48 hours after which the suspension had turned an 
off-white colour. The solid was then collected via filtration. 3.71 g, 92.0 %. 
ES
+
 mass spectrum: Calcd. from C25H19N7O2Na 472.2 g mol
-1
. m/z 472.2  
1
H-NMR δH (500 MHz, DMSO-d6) 7.71 (s, 2 H, Pz H
4’
), 7.54 (t, J=7.5 Hz, 4 H, Bz H
3’’/5’’
), 
7.60 (t, J=7.5 Hz, 2 H, BzH
4’’
), 7.83 (d, J=7.8 Hz, 2 H, Py H
3/5
), 7.98 (t, J=7.5 Hz, 1 H, Py 
H
4
), 8.08 (d, J=7.5 Hz, 4 H, Bz H
2’’/6’’
), 11.00 (s, 2 H, Pz NH).  
13
C-NMR δC (126 MHz, DMSO-d6) 95.8 (Pz C
4’
), 118.5 (Py C
3/5
), 127.8 (Bz C
2’’/6’’
), 128.3 
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(Bz C
3’’/5’’
), 131.6 (Bz C
4’’
), 134.0 (Bz C
1’’
), 138.8 (Py C
4
), 141.5-147.97 (Py C
2/6
, Pz C
3’
 and 
Pz C
5’
), 164.60 (C=O). 
IR mid: ν(N–H)amide = 3386 cm
-1
 (w), ν(C–H)aliphatic = 2957 cm
-1
 (m), ν(C=O)amide = 1691 cm
-
1
 (s). 
 
7.3.6. 2,6-Di(5-benzylamido-1H-pyrazol-3-yl)pyridine[12] (L7) 
 
A mixture of 2,6-Bis(5-{benzylamide}-1H-pyrazol-3-yl)pyridine hydrochloride (3.00 g, 6.2 
mmol) in chloroform (140 mL) and saturated sodium carbonate solution (140 mL) was 
heated at reflux for 2 days. The product was a white precipitate in the aqueous layer, and 
was filtered, washed with acetone and dried. Yield 0.92 g, 33.0 %. 
ES
+
 mass spectrum: Calcd. from C25H19N7O2Na 472.2 g mol
-1
. m/z 472.2. 
1
H-NMR δH (500 MHz, DMSO-d6) 7.35 (s, 2 H, Py H
4
), 7.49 – 7.61 (m, 6 H, Bz H3’’/5’’, Bz 
H
4’’
), 7.81 (d, 7.7 Hz, 2H, PyH
3
), 7.97 (t, J=7.7 Hz, 1 H, Py H
4
), 8.05 (d, J=6.0 Hz, 4 H, Bz 
H
2’’/6’’
).  
13
C-NMR δC (126 MHz, DMSO-d6) 95.8 (PzC
4’
), 118.4 (PyC
3/5
), 127.7-128.3 (BzC
2’’/6’’
 or 
Bz C
3’’/5’’
), 131.6 (Bz C
4’’
), 134.0 (PzC
3’
), 138.8 (Py C
4
), 141.6 (Bz C
1’’
), 147.3 (PyC
2/6
 or 
PzC
5’
), 148.0 (PyC
2/6
 or PzC
5’
), 164.7 (C=O). 
IR mid: ν(N–H)amide = 3458 cm
-1
 (m), ν(C–H)aromatic = 3293 cm
-1
 (s), ν(C=O)amide = 1672 cm
-1
 
(vs).  
 
7.3.7. 2,6-Di(5-(methylthiourea)-1H-pyrazol-3-yl)pyridine[12] (L8) 
 
Methyl isothiocyanate (0.71 g, 9.6 mmol) was added to a suspension of 2,6-Bis(5-amino-
1H-pyrazol-3-yl)pyridine (1.16 g, 4.8 mmol) in acetonitrile (70 mL) and the mixture was 
then heated at reflux for 18 hours. Mass spectrum showed that some starting material was 
present so an excess of methyl isothiocyanate was added and the mixture heated at reflux for 
a further 18 hours. The resulting white precipitate was then filtered and washed with 
chloroform. Yield 0.93 g, 50.0 %. 
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Found C, 46.60; H, 4.35; N, 32.85; S, 16.20 %.calcd. from C15H17N9S2 C, 46.49; H, 4.42; N, 
32.53; S, 16.55 %.  
Mass spectrum: Calcd. from C15H17N9S2Na
+
 410.1. m/z 410.1. 
1
H-NMR δH (500 MHz, DMSO-d6) 3.11 (s, 6 H, CH3), 7.55 (s, 2 H, Pz H
4’
), 7.97 (t, J=9.0 
Hz, 1 H, Py H
4
), 8.14 (d, J=9.0 Hz, 2 H, Py H
3/5
), 12.15 (s, 2 H, Pz NH).  
13
C-NMR δC (126 MHz, DMSO-d6) 30.6 (CH3), 86.6 (Pz C
4’
), 120.2 (Py C
3/5
), 137.1 (Py 
C
4
), 150.8-175.9 (Py C
2/6
 or Pz C
3’
 and Pz C
5’
), 206.64 (C=S). 
IR mid: ν(N-H) = 3356, 3320 cm-1 (s), ν(C-H) = 2994 cm-1 (w), ν(C=C)aromatic = 1610 cm
-1 
(s), ν(C=S) = 1350 cm-1 (s). 
 
7.3.8. 2,6-Di(3-oxo-pentanoyl)pyridine[13] 
 
Dimethylpyridine-2,6-dicarboxylate (1.48 g, 7.6 mmol) and sodium methoxide (1.03 g, 19.0 
mmol) was suspended in dry toluene (50 mL) under a dry nitrogen atmosphere and but-2-
one (1.37 g, 19.0 mmol) was added. The mixture was stirred for 15 minutes at room 
temperature before being heated at 60 ºC for 12 hours. The resulting yellow suspension was 
evaporated and the residue added to a mixture of acetic acid (15 mL) water (25 mL) and ice 
(25 g). When the ice melted the resulting yellow precipitate was removied via filtration and 
dried. 1.37 g, 65.5 %. 
CHN analysis: Calcd. from C15H17NO4 C, 65.44; H, 6.22; N, 5.09 %. Found C, 65.80; H, 
6.30; N, 5.15 %.  
ES
+
 mass spectrum: Calcd. from C15H17NNaO4 298.1 g mol
-1
. Found m/z 298.1. 
1
H-NMR δH (300 MHz, CHLOROFORM-d) 0.93 - 1.37 (m, 6 H, CH3), 2.35 - 2.78 (m, 4 H, 
CH2CH3), 7.92 (q, J=8.1 Hz, 1 H, Py H
4
) 8.01 - 8.26 (m, 2 H, Py H
3/5
). 
13
C-NMR δC (126 MHz, CHLOROFORM-d) 9.5 (CH3), 32.7 (CH2CH3), 96.1 (COCH2CO), 
124.1 (Py C
3/5
), 138.1 (Py C
4
), 151.8 (Py C
2/6
), 172.0 (C
3’
=O), 199.2 (C
1’
=O). 
 
7.3.9. 2,6-Di(5-ethyl-1H-pyrazol-3-yl)pyridine (L10) 
 
2,6-Di(3-oxo-pentanoyl)pyridine (1.00 g, 3.6 mmol) was dissolved in an ethanol/acetic acid 
mixture (7:3, 50 mL) and hydrazine monohydrate (0.54 g, 10.7 mmol) was added. The 
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solution was stirred at room temperature for 20 hours. The ethanol was removed and 
saturated sodium carbonate solution was added. The resulting mixture was extracted with 
chloroform and the washed with brine before being dried (Na2SO4) and evaporated to leave 
a pale yellow solid. 0.62 g, 64.4 %. 
CHN analysis: Calcd. from C15H19N5O·H2O C, 63.14; H, 6.71; N, 24.54%. Found C, 62.70; 
H, 6.00; N, 23.60%.  
ES
+
 mass spectrum: Calcd. from C15H17N5Na 290.1 g mol
-1
. Found m/z 290.1. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 1.06 (t, J=7.32 Hz, 6 H, CH3), 6.19 (s, 2 H, 
PzH
4’
), 2.50 (q, J=7.3 Hz, 4 H, CH2), 7.11 (s, 2 H, PyH
3/5
), 7.37 (t, J=7.78 Hz, 1 H, PyH
4
). 
13
C NMR δC (126 MHz, CHLOROFORM-d) 13.5 (CH3), 20.9 (CH2), 100.9 (PzC
4’
), 117.7 
(PyC
3/5
), 137.1 (PyC
4
), 143.8 (PyC
6
 and PzC
3’
), 148.1 (PyC
6
 and PzC
3’
), 154.5 (PyC
2
). 
 
7.3.10. 2,6-Di(4-methyl-3-oxo-pentanoyl)pyridine[13] 
 
Dimethylpyridine-2,6-dicarboxylate (1.66 g, 8.5 mmol) and sodium methoxide (1.15 g, 21.3 
mmol) were suspended in dry tetrahydrofuran under nitrogen. 3-methylbutan-2-one was 
then added and the mixture was heated at 65 ºC for 20 hours. The mixture was allowed to 
cool before being reduced and added to water (70 mL). The solution was then neutralised 
with conc. hydrochloric acid and extracted with chloroform. The chloroform layer was dried 
(Na2SO4) and evaporated to leave an orange oil. 1.81 g, 70.2 % 
ES
+
 mass spectrum: calcd. from C17H22NO4
+
 304.15 g mol
-1
. Found m/z 304.15. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 1.18 (s, 6 H, CH3), 1.19 (s, 6 H, CH3), 2.64 
(spt, J=7.0 Hz, 2 H, CH(CH3)2), 3.67 (s, 2 H, COCH2CO), 6.84 (s, 2 H, COH=CHCO), 7.91 
(t, J=8.0 Hz, 2 H, Py H
4
), 8.10 (d, J=7.7 Hz, 2 H, Py H
3/5
) 
13
C NMR δC(126 MHz, CHLOROFORM-d) 19.3 (CH3), 37.6 (CH(CH3)2), 67.9 
(COCH2CO), 94.7 (COHCH=CO), 124.1 (Py C
3/5
), 138.2 (Py C
4
), 151.8 (Py C
2/6
), 181.2 
(COCH2CO
i
Pr), 201.8 (COCH2CO
i
Pr). 
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7.3.11. 2,6-Di(5-isoprop-1H-pyrazol-3-yl)pyridine (L11) 
 
2,6-Di(4-methyl-3-oxo-pentanoyl)pyridine (1.81 g, 6.0 mmol) was dissolved in a mixture of 
ethanol and acetic acid (7:3, 50 mL) and hydrazine monohydrate (1.28 g, 25.5 mmol) was 
added. The mixture was stirred at room temperature for 20 hours and saturated sodium 
carbonate solution was added until effervescence ceased. Diethyl ether was then added and 
evaporated to remove the last traces of acetic acid, and the mixture was filtered to leave a 
white solid. 1.05 g, 59.3 %. 
CHN analysis: calcd. from C17H21N5 C, 69.12; H, 7.17; N, 23.71 %. Found C, 68.60; H, 
7.20; N, 23.90 %. 
ES
+
 mass spectrum: calcd. from C17H22N5
+
 296.19 g mol
-1
. Found m/z 296.19. 
1
H NMR δH (500 MHz, DMSO-d6) 1.28 (s, 6 H, CH3), 1.30 (s, 6 H, CH3), 3.01 (spt, J=6.8 
Hz, 2 H, CH(CH3)2), 6.80 (s, 2 H, Pz H
4
), 7.75 (d, J=6.3 Hz, 2 H, Py H
3/5
), 7.84 (t, J=7.5 Hz, 
1 H, Py H
4
), 12.80 (broad s, 2 H, Pz NH). 
13
C NMR δC (126 MHz, DMSO-d6) 22.6 (CH3), 25.6 (CH(CH3)2), 100.1 (Pz C
4
), 117.5 (Py 
C
3/5
), 137.4 (Py C
4
). 
 
7.3.12. 2,6-Di(4-dimethyl-3-oxo-pentanoyl)pyridine[13]. 
 
Sodium ethoxide was freshly prepared by stirring sodium (0.77 g, 33.4 mmol) in ethanol (15 
mL) until consumed and then removing the solvent under vacuum. Toluene (30 mL) and 
pinacolone (3.86 g, 38.5 mmol) was added before dimethylpyridine-2,6-dicarboxylate (2.50 
g, 12.8 mmol) was added. The mixture was then stirred for 8 hours before being stirred at 
60º C for 4 hours. The red solution was then evaporated and the resulting solid added to a 
mixture of acetic acid (15 mL), water (25 mL) and ice (50 g) and stirred. The mixture was 
then filtered, dried and dissolved in dichloromethane. The solution was then washed with 
sat. sodium carbonate solution (2 x 30 mL) and water (30 mL) before being dried (MgSO4) 
and the solvent evaporated to leave an orange solid. 1.42 g, 33.6 %. Analysis shows a 
mixture of products containing the desired product and a the ethyl ester of the product which 
had only reacted at one side. Separated after the next reaction step. 
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ES+ mass spectrum: calcd. from C19H25NO4Na
+
 (M + Na
+
) 354.17 g mol-1, Found m/z 
354.17. Calcd. from C15H19NO4Na
+
 300.12 g mol
-1
, found m/z 300.12.  
 
7.3.13. 2,6-Di(5-tertbut-1H-pyrazol-3-yl)pyridine (L12). 
 
2,6-Di(4-dimethyl-3-oxo-pentanoyl)pyridine (1.32 g, 4.0 mmol) was dissolved in ethanol 
(40 mL) and hydrazine monohydrate (0.60 g, 11.9 mmol) was added. The mixture was then 
heated at reflux for 16 hours after which a white precipitate was formed by reducing the 
solvent by ~50 % and adding water. The white precipitate was removed via filtration and 
dried. Purified by silica gel column chromatography using ethyl acetate/methanol (9:1) 
eluent. Approximates as the methanol solvate. 0.16 g, 12.7 %. 
CHN analysis: Calcd. from C19H25N5·CH4O C, 67.58; H, 8.22; N, 19.70 %. Found C, 68.30; 
H, 7.80; N, 19.95 %. 
ES
+
 mass spectrum: calcd. from C19H26N5
+
 324.22 g mol
-1
, found m/z 324.22. 
1
H NMR δH (500 MHz, CHLOROFORM-d): 1.35 (s, 18 H, C(CH3)3), 6.66 (s, 2 H, Pz H
4’
), 
7.62 (m, 3 H, Py H
3/5
 and Py H
4
). 
13C NMR δC (500 MHz, CHLOROFORM-d): 30.4 (C(CH3)3), 30.9 (C(CH3)3), 99.9 (Pz C
4’
), 
118.6 (Py C
3/5
), 137.4 (Py C
4
), 146.0 (Pz C
3’
), 149.5 (Pz C
5’
), 159.7 (Py C
2/6
). 
 
7.3.14. 2,6-Di(3-oxo-3-pyridin-4-yl-propionyl)pyridine[13] 
 
Sodium (0.77 g, 33.4 mmol) was stirred under nitrogen atmosphere in dry ethanol (15 mL) 
until it was consumed. The ethanol was removed under vacuum. Dry toluene (30 mL) and 4-
acetylpyridine (4.66 g, 38.5 mmol) was added to the freshly prepared sodium ethoxide and 
stirred for a few minutes before adding dimethylpyridine-2,6-dicarboxylate (2.50 g, 12.8 
mmol). The mixture was then stirred for 12 hours and the resulting yellow precipitate was 
removed via filtration. The yellow solid was added to a solution of acetic acid (15 mL), 
water (25 mL) and ice (50 g) with stirring and then filtered. The solid was then dissolved in 
dichloromethane (150 mL) and washed with sodium carbonate solution (2 x 30 mL). The 
organic layer was dried (MgSO4) and solvent removed under vacuum to leave a yellow 
solid. 0.90 g, 18.8 %.  
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ES
+
 mass spectrum: Calcd from C21H16N3O4
+
 374.11 g mol
-1
. Found m/z 374.11. 
1
H NMR δH (500 MHz, DMSO-d6): 3.38 (s, 4 H, CH2) 7.76 (d, J=4.5 Hz, 4 H, Py H
3’’/5’’
) 
7.92 (t, J=7.5 Hz, 1 H, Py H
4
) 8.05 (d, J=7.5 Hz, 2 H, Py H
3/5
) 8.60 (d, J=4.5 Hz, 8 H, Py 
H
2’’/6’’
). 
13C NMR δC (500 MHz, DMSO-d6): 62.8 (CH2), 120.7 (Py C
3’
), 121.1 (Py C
3
), 137.1 (Py 
C
4
), 149.7 (Py C
2’
), 150.9 (Py C
4’
), 156.9 (Py C
2
), 180.0 – 180.9 (C=O). 
 
7.3.15. 2,6-Di(5-(4-pyridyl)-1H-pyrazol-3-yl)pyridine[14] (L13). 
 
2,6-Di(3-oxo-3-pyridin-4-yl-propionyl)pyridine (1.00 g, 2.7 mmol) was suspended in an 
ethanol/acetic acid (7:3) mix (50 mL) and hydrazine hydrate (0.40 g, 8.0 mmol) was added. 
The mixture was then stirred at room temperature overnight and the resulting orange 
precipitate was removed via filtration and washed with ethanol. Recrystallised from hot 
ethanol. 1.00 g, quantitative.  
CHN analysis: Calcd. from C21H15N7·2H2O C, 62.83; H, 4.77; N, 24.42%. Found C, 62.95; 
H, 5.15; N, 23.00%. 
ES
+
 mass spectrum: calcd. from C21H16N7
+
 366.15 g mol
-1
. Found m/z 366.15.  
1
H NMR δH (500 MHz, METHANOL-d4) 7.41 (s, 2 H, Pz H
4’
) 7.74 (d, J=7.8 Hz, 2 H, Py 
H
3/5
), 7.85 (d, J=10.0 Hz, 4 H, Py H
3’’/5’’
) 7.90 (t, J=7.6 Hz, 1 H, Py H
4
), 8.55 (d, J=10.0 Hz 
4 H, Py H
2’’/6’’
). 
13C NMR δC (75 MHz, DMSO-d6) 102.1 (Pz C
4’
), 118.6-119.5 (PyC
3/5
 and Py C
3’’/5’’
), 138.8 
(Py C
4
), 150.2 (Py C
2’’/6’’
), 172.0 (Pz C
3’
 and PzC
5’
), 206.4 (PyC
4’’
). 
 
7.3.16. 4,4-Dimethyl-1-[6-(3-oxo-butyryl)-pyridin-2-yl]-pentane-1,3-dione 
 
Dimethyl-2,6-pyridine dicarboxylate (3.00 g, 18.4 mmol) and sodium methoxide (1.00 g, 
18.4 mmol) was suspended in dry toluene (350 mL) under nitrogen. Pinacolone (1.80 g, 
18.4 mmol) was then added and the mixture was heated at 70 ºC. After 48 hours the mixture 
was a red colour, and acetone (0.80 g, 13.7 mmol) was added, followed by more sodium 
methoxide (1.11 g, 20.5 mmol) and the mixture was again heated at 70 ºC for 72 hours. The 
mixture was allowed to cool and the precipitate removed via filtration and washed with 
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water. 1.50 g, 28.2 %. 
ES
+
 mass spectrum: Calcd. from C16H19NO4Na
+
 312.1 g mol
-1
. Found m/z 312.1. 
1
H NMR δH (500 MHz, DMSO-d6) 1.18 (s, 9 H, C(CH3)3), 1.98 (s, 3 H, CH3), 5.97 (br. s, 1 
H, CH2
2’
), 6.19 (br. s, 1 H, CH2
3’’
), 7.79 (t, J=10.0 Hz, 1 H, Py H
4
) 7.88 (d, J=7.8 Hz, 2 H, 
Py H
3/5
). 
13
C NMR δC (126 MHz, DMSO-d6) 28.6 (C(CH3)3), 29.6 (CH3), 88.7 (C
3’’
), 94.5 (C
2’
), 120.4 
(Py C
3/5
), 136.8 (Py C
4
), 157.6 (PyC
2/6
), 158.1 (PyC
2/6
), 177.1 (C
1’
=O and C
4’’
=O), 191.2 
(C
2’’
=O), 198.8 (C
3’
=O). 
 
7.3.17. 2-(5-tert-Butyl-1H-pyrazol-3-yl)-6-(5-methyl-1H-pyrazol-3-yl)-
pyridine (L
14
) 
 
4,4-Dimethyl-1-[6-(3-oxo-butyryl)-pyridin-2-yl]-pentane-1,3-dione (1.30 g, 4.5 mmol), 
without further purification, was dissolved in ethanol (35 mL) and acetic acid (15 mL). 
Hydrazine monohydrate (0.68 g, 13.5 mmol) was then added and the mixture stirred at room 
temperature for 12 hours. The mixture was then neutralised using sat. sodium hydroxide 
solution, and water added until a precipitate formed. The mixture was cooled and the 
precipitate collected via filtration and washed with water. Micro approximates with 0.5 
water. 0.84 g, 68.0 %. 
CHN analysis: calcd. from C16H19N5·0.5H2O C; 66.18; H, 6.94; N, 24.12 %. Found C, 
66.20; H, 7.00; N, 23.70 %. 
ES
+
 mass spectrum: Calcs. from C16H20N5
+
 282.2 g mol
-1
. Found m/z 282.2. 
1
H NMR δH (300 MHz, CHLOROFORM-d) 1.39 (s, 9 H, C(CH3)3), 2.37 (s, 3 H, CH3), 6.55 
(s, 1 H, Pz H
4’
), 6.63 (s, 1 H, Pz H
4’’
), 7.53 (d, J=7.7 Hz, 1 H, Py H
3
) 7.60 (d, J=7.3 Hz, 1 H, 
PyH
5
), 7.73 (t, J=8.21 Hz, 1 H, Py H
4
). 
13
C NMR δC (126 MHz, CHLOROFORM-d) 12.9 (CH3), 30.4 (C(CH3)3), 30.9 (C(CH3)3), 
99.8 (Pz C
4’’
), 102.9 (Pz C
4’
), 118.5 (Py C
3
), 118.7 (Py C
5
), 137.5 (Py C
4
). 
 
7.3.18. 3-[6-(4,4-Dimethyl-3-oxo-pentanoyl)-pyridin-2-yl]-3-oxo-
propionitrile 
 
Chapter 7 
 
251 
 
Sodium methoxide (1.00 g, 18.3 mmol) and pinacolone (1.80 g, 18.3 mmol) were added to a 
stirred suspension of dimethyl-2,6-pyridine dicarboxylate (3.00 g, 18.3 mmol) in toluene 
(150 mL) and the mixture was stirred at 70 ºC overnight under nitrogen. Sodium hydride 
(1.10 g, 27.5 mmol) was washed with pentane and transferred to the mixture along with 
acetonitrile (1.13 g, 27.5 mmol). The mixture was then heated to reflux for 4 hours and then 
65 ºC for 12 hours. The mixture was allowed to cool and the precipitate was collected via 
filtration. The solid was redissolved in water and acidified to ~pH 5 which gave a yellow 
oil. The mixture was extracted with chloroform, dried (MgSO4) and evaporated to leave a 
yellow oil. 2.53 g, 50.8 % 
1
H NMR δH (500 MHz, CHLOROFORM-d) 1.30 (s, 9 H, C(CH3)3), 4.37 (s, 2 H, CH2CN), 
7.01 (s, 0.7 H, COCH2CO (tautomeric)), 8.08 (t, J=7.9 Hz, 1 H, Py H
4
), 8.21 (dd, J=6.7, 1.1 
Hz, 1 H, PyH
3/5
), 8.34 (dd, J=7.8, 1.1 Hz, 1 H, PyH
3/5
). 
 
7.3.19. 5’’-[6-(5-tert-Butyl-1H-pyrazol-3-yl)-pyridin-2-yl]-1H-pyrazol-5-
ylamine (L
15
) 
 
3-[6-(4,4-Dimethyl-3-oxo-pentanoyl)-pyridin-2-yl]-3-oxo-propionitrile (2.53 g, 9.3 mmol) 
was used without further purification and dissolved in ethanol/acetic acid (7:3, 50 mL). 
Hydrazine hydrate (1.86 g, 37.2 mmol) was added and the mixture stirred at room 
temperature for 48 hours. The solvent was then reduced by ~50 % and neutralised with 
sodium hydrogen carbonate. The remaining solvent was then removed to leave a sticky 
orange substance which was sonicated in diethyl ether to leave a white precipitate which 
was removed via filtration. 2.27 g, 86.5 %. 
CHN analysis: calcd. from C15H18N6 C, 63.81; H, 6.43; N, 29.77 %. Found C, 63.30; H, 
6.55; N, 29.70 %. 
ES
+
 mass spectrum: Calcd. from C15H19N6
+
 283.17 g mol
-1
. Found m/z 283.17. 
1
H NMR δH (500 MHz, DMSO-d6) 1.34 (s, 9 H, C(CH3)3), 6.07 (s, 1 H, Pz H
4’
) 6.85 (s, 1 H, 
Pz H
4’’
), 7.61 (dd, J=7.7, 0.8 Hz, 1 H, Py H
5
), 7.73 (d, J=7.6 Hz, 1 H, Py H
3
), 7.82 (t, J=7.6 
Hz, 1 H, Py H
4
). 
13
C NMR δH (126 MHz, DMSO-d6) 30.2 (C(CH3)3), 31.1 (C(CH3)3) 88.9 (Pz C
4’
), 99.8 (Pz 
C
4’’
), 117.3 (Py C
5
), 117.4 (Py C
3
), 137.5 (Py C
4
), 149.0 (Pz C
3’/3’’
), 150.0 (Pz C
3’/3’’
), 154.3 
(Py C
6
), 156.4 (Py C
2
), 168.1 (Pz C
5’
), 173.7 (Pz C
5’’
). 
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7.3.20. 4-Chloro-pyridine-2,6-dicarboxylic acid diethyl ester[15] 
 
Chelidamic acid hydrate (5.00 g, 27.3 mmol) and phosphorous pentachloride (17.16 g, 82.4 
mmol)were heated at reflux in chloroform (25 mL) until effervescence stopped. Ethanol (25 
mL) was then added and once the mixture stopped giving off HCl the solvent was reduced. 
The mixture was then added to ice water (100 mL) and the resulting precipitate removed via 
filtration. This was redissolved in dioxane, treated with charcoal, added to ice water and 
filtered to leave a crystalline white solid. 2.01 g, 28.6 %. 
CHN analysis: calcd from C11H12ClNO4 C, 51.27; H, 4.69; N, 5.44; Cl, 13.76 %. Found C, 
51.30; H, 4.70; N, 5.30; Cl, 13.90 %.  
ES
+
 mass spectrum: calcd from C11H13ClNO4
+
 258.0 g mol
-1
. Found m/z 258.1.  
1H NMR δH (500 MHz, Acetone-d6): 1.40 (t, J=7.1 Hz, 6 H, CH2CH3), 4.44 (q, J=7.1 Hz, 4 
H, CH2CH3), 8.27 (s, 2 H, Py H
3/5
). 
 
7.3.21. 4-Chloro-2,6-bis(1-pyrrolidinylcarbonyl)pyridine[16] 
 
A solution of pyrrolidine (7.65 g, 0.10 mol) in dichloromethane (25 mL) was added 
dropwise to a solution of 4-Chloro-pyridine-2,6-dicarbonyl dichloride (5.52 g, 23.3 mmol) 
in dichloromethane (25 mL) at 0ºC. The mixture was allowed to warm to room temperature 
and stirred for 2 hours. The resulting mixture was poured into 2M HCl (50 mL) and the 
layers separated. The aqueous layer was extracted with dichloromethane (3 x 30 mL). The 
organic layers were combined, dried (MgSO4) and evaporated to leave an off-white product 
which was washed with hexane. 6.17 g, 86.2 % 
ES
+
 mass spectrum: calcd from C15H19ClN3O2
+
 308.12 g mol
-1
. Found m/z 308.12. 
1
H NMR δH (501 MHz, CHLOROFORM-d): 1.83 - 1.96 (m, 9 H, CH2
3’
 and CH2
4’
), 3.58 - 
3.68 (m, 9 H, CH2
2’
 and CH2
5’
), 7.85 (s, 2 H, Py H
3/5
). 
13C NMR δC (126 MHz, CHLOROFORM-d) 23.93 - 26.56 (CH2
3’
 and CH2
4’
), 46.99 - 49.05 
(CH2
2’
 and CH2
5’
), 125.3 (Py C
3
), 146.0 (Py C
4
) 154.2 (Py C
2
) 164.7 (C=O). 
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7.3.22. 4-Hydroxy-pyridine-2,6-dicarboxylic acid dimethyl ester 
 
Chelidamic acid (4.00 g, 21.8 mmol) was suspended in methanol (300 mL) and dissolved on 
addition of sulphuric acid (3.3 mL). The solution was then heated at reflux for 10 hours and 
then concentrated. Saturated sodium chloride solution was then added and the solution was 
extracted with dichloromethane (3 x 30 mL). The combined dichloromethane layers were 
dried (MgSO4) and the solvent was evaporated. 3.01 g, 65.4 %. 
CHN analysis: calcd. from C9H9NO5 C, 51.19; H, 4.30; N, 6.63 %. Found C, 51.00; H, 4.40; 
N, 6.45 %. 
ES
+
 mass spectrum: calcd. from C9H10NO5
+
 212.06. g mol
-1
. Found m/z 212.06. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 4.01 (s, 6 H, CH3), 7.51 (s, 2H, Py H
3/5
). 
13
C NMR δC (126 MHz, CHLOROFORM-d) 53.6 (CH3), 114.2 (Py C
3/5
), 118.6 (Py C
2/6
), 
163.3 (Py C
4
), 165.1 (C=O). 
 
7.3.23. 4-Benzyloxy-pyridine-2,6-dicarboxylic acid dimethylester 
 
4-Hydroxy-pyridine-2,6-dicarboxylic acid dimethyl ester (2.40 g, 11.3 mmol), potassium 
carbonate (3.30 g, 23.9 mmol) and benzyl bromide (4.05 g, 23.7 mmol) were suspended in 
acetone (75 mL) and heated at reflux overnight. The resulting mixture was filtered and the 
solvent removed from the filtrate. The residue was redissolved in chloroform, washed with 
water (3 x 30 mL), dried (Na2SO4) and the evaporated. 1.66 g, 48.8 %. 
CHN analysis: Calcd. from C16H15NO5 C, 63.78; H, 5.02; N, 4.65%. Found C, 62.85; H, 
5.00; N, 4.55%. 
ES
+
 mass spectrum: calcd. from C16H16NO5
+
 302.10 g mol
-1
. Found m/z 302.10. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 3.94 (s, 6 H, OCH3), 5.16 (s, 2 H, CH2), 7.31 – 
7.38 (m, 5 H, Bz H), 7.83 (s, 2 H, PyH3).  
13
C NMR δC (126 MHz, CHLOROFORM-d) 53.3 (OCH3), 70.8 (OCH2Bz), 114.9 (Py C
3/5
), 
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127.7-128.9 (Bz C
2’/6’
, Bz C
3’/5’
, Bz C
4’
), 134.6 (Bz C
1’
), 149.8 (Py C
2/6
), 165.1 (Py C
4
), 
166.7 (C=O). 
 
7.3.24. Pyrazol-1-tetrahydropyran[17] 
 
1H-pyrazole (5.00 g, 73.4 mmol) was dissolved in toluene (20 mL) and trifluoroacetic acid 
(0.3 mL, 3.6 mmol) and heated to 80 ºC. 3,4-dihydro-2H-pyran (7.1 mL, 83.5 mmol) was 
then added dropwise over 15 minutes and the mixture was stirred at 80 ºC for 1 hour. The 
solvent was then reduced to leave a pale yellow liquid which was used in the next step 
without further purification. 9.28 g, 83.1 %. 
ES
+
 mass spectrum: Calcd from C8H12N2ONa 175.08 g mol
-1
. Found m/z 175.08. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 1.50 – 2.20 (m, 8H, CH2
4’
, CH2
5’
,CH
2’
axial, 
CH
3’
axial, CH
6’
axial), 3.63 (dt, J=2.4, 11.6 Hz, 1 H, CH
3’
equatorial), 3.99 (dd, J=2.3, 12.1 Hz, 1 H, 
CH
6’
equatorial), 5.33 (dd, J=9.69, 2.5 Hz, 1 H, CH
2’
equatorial), 6.23 (t, J=2.1 Hz, 1 H, CH
4
), 7.49 
(d, J=1.2 Hz, 1 H, CH
3
), 7.54 (d, J=2.3 Hz, 1 H, CH
5
). 
 
7.3.25. 1-(Tetrahydro-pyran-2-yl)-5-(4,4,5,5-tetramethyl-
[1,3,2]dioxaborolan-2-yl)-1H-pyrazole
[17]
 
 
Pyrazol-1-tetrahydropyran (6.31 g, 41.5 mmol) was dissolved in dry THF (100 mL) and 
cooled to -78 ºC. 1.6 M n-butyl lithium (27.2 mL, 43.5 mmol) was added slowly 
maintaining the temperature of the reaction mixture below -50 ºC. After stirring for 10 
minutes triisopropyl borate (10.6 mL, 45.8 mmol) was added over 15 minutes before 
allowing the mixture to warm to room temperature. Pinacol (5.39 g, 45.6 mmol) and acetic 
acid (4.98 g, 82.9 mmol) were then added which caused a gel like substance to form. The 
mixture was then stirred for 4 hours before being poured into a mixture of pentane (100 mL) 
and saturated ammonium chloride solution (70 mL). The organic phase was separated and 
Chapter 7 
 
255 
 
washed with sodium hydrogen carbonate solution (40 mL) and brine (40 mL). The solution 
was then dried over Na2SO4, evaporated and left to crystallise at 5 ºC.  
ES
+
 mass spectrum: Calcd. from C14H23BN2O3Na 301.2 g mol
-1
. Found m/z 301.2. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 1.27 (s, 12 H, CH3), 1.45 – 1.55 (m, 1 H, 
CH
4’
axial), 1.57 – 1.71 (m, 2 H, Pn Haxial), 1.87 – 1.95 (m, 1 H, Pn Haxial), 1.97 – 2.05 (m, 1 H, 
Pn Haxial), 2.35 – 2.45 (m, 1 H, CH
6’
axial), 3.60 (dt, J=2.4, 11.4 Hz, 1 H, CH
3’
equatorial), 3.98 
(dd, J=1.8, 9.6 Hz, 1 H, CH
6’
equatorial) 5.79 (dd, J=2.3, 10.1 Hz, 1 H, CH
2’
equatorial) 6.67 (d, 
J=1.7 Hz, 1 H, CH
4
) 7.50 (d, J=1.2 Hz, 1 H, CH
3
). 
 
7.3.26. 2-Chloro-6-[2-(tetrahydro-pyran-2-yl)-2H-pyrazol-3-yl]-pyridin-
4-ylamine 
 
4-amino-2,6-dichloropyridine (2.25 g, 13.8 mmol), 1-(Tetrahydro-pyran-2-yl)-5-(4,4,5,5-
tetramethyl-[1,3,2]dioxaborolan-2-yl)-1H-pyrazole (6.00 g, 30.4 mmol), potassium 
phosphate tribasic (14.53 g, 68.5 mmol), Bis(dibenzylideneacetone)palladium(0) (0.35 g, 
0.6 mmol) and Tricyclohexylphosphine tetrafluoroborate (0.27 g, 0.7 mmol) were 
suspended in dry Tetrahydrofuran (75 mL) under a dry N2 atmosphere. The mixture was 
heated at 70 ºC for 20 hours. The resulting mixture was poured into diethyl ether (100 mL) 
and brine (100 mL), separated and the ether layer evaporated to leave a brown oil. The 
crude product was purified on silica using diethyl ether as the eluent to give the 
monosubstituted product. The disubstituted product was also isolated by washing the 
column with a water/dichloromethane/methanol (2:2:6) mixture. 0.18 g, 4.8%. 
CHN analysis: calcd. from C13H15ClN4O C, 56.02; H, 5.42; N, 20.10; Cl, 12.72 %. Found C, 
55.70; H, 5.40; N, 19.80; Cl, 11.10 %. 
ES
+
 mass spectrum: calcd. from C13H16ClN4O
+
 279.1 g mol
-1
. Found m/z 279.1. 
1
H NMR δH (300 MHz, CHLOROFORM-d) 1.50 – 1.85 (m, 3 H, Pn H
4’’
and Pn H
5’’
), 1.98 – 
2.12 (m, 2 H, Pn H
3’’
equatorial and Pn H
4’
), 2.40 – 2.58 (m, 1 H, Pn H3’’axial), 3.66 (dt, J=8.5, 2.6 
Hz, 1 H, Pn H
6’’
axial), 3.99 – 4.09 (m, 1 H, CH
6’’
equatorial), 4.49 (br. s, 2 H, NH2), 6.16 (dd, 
J=10.2, 2.1 Hz, 1 H, Pn H
2’’
), 6.48 (overlapping doublets, J=2.8 Hz, 2 H, Py H
3
 and Py H
5
), 
6.68 (d, J=1.9 Hz, 1 H, Pz H
4’
), 7.55 (d, J=1.7 Hz, 1 H, Pz H
3’
). 
13C NMR δC (126 MHz, CHLOROFORM-d) 23.0 (Pn C
4’’
), 25.1 (Pn C
5’’
), 29.7 (Pn C
3’’
), 
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68.0 (Pn C
6’’
), 85.1 (Pn C
2’’
), 107.4 (Py C
3
 or Py C
5
), 107.6 (Py C
3
 or Py C
5
), 108.0 (Pz C
4’
), 
139.1 (Pz C
2’
), 141.0 (Pz C
5’
), 149.8 (Py C
2
), 151.6 (Py C
6
), 155.4 (Py C
4
). 
 
7.3.27. 2-Pyrazol-1-yl-6-(1H-pyrazol-3-yl)-pyridin-4-ylamine 
 
Pyrazole (0.12 g, 1.8 mmol) and sodium hydride (60 % dispersion in mineral oil, 0.09 g, 2.2 
mmol) were suspended in diglyme (25 mL) and stirred under a dinitrogen atmosphere until 
effervescence ceased. 2-Chloro-6-[2-(tetrahydro-pyran-2-yl)-2H-pyrazol-3-yl]-pyridin-4-
ylamine (0.50 g, 1.8 mmol) was then added and the mixture was heated at 110ºC for 5 days. 
Only starting material was obtained.  
 
7.3.28. 2,6-Di(1H-pyrazol-3-yl)-pyridin-4-ylamine (L16)[17] 
 
1-(Tetrahydro-pyran-2-yl)-5-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-1H-pyrazole 
(10.00 g, 50.7mmol), 4-amino-2,6-dichloropyridine (3.75 g, 23.0 mmol), tribasic potassium 
phosphate (24.22 g, 114.1 mmol), Bis(dibenzylideneacetone)palladium(0) (0.58 g, 1.0 
mmol) and Tricyclohexylphosphine tetrafluoroborate (0.45 g, 1.2 mmol) were suspended in 
dry THF (125 mL) under a nitrogen atmosphere. The mixture was then heated at 70ºC for 
20 hours before being poured into diethyl ether (100 mL) and brine (100 mL). The organic 
layer was separated, dried (Na2SO4) and evaporated to leave an orange oil. LC-MS shows 
around 70% of the protected product is present. Attempts at isolating the protected product 
via flash column chromatography failed. The oil was dissolved in a mixture of methanol (70 
mL) and hexane (70 mL) and a few drops of conc. Hydrochloric acid were added. The 
mixture was stirred for 20 hours at room temperature before being separated and the 
methanol layer evaporated to leave a sticky orange oil. This was then sonicated in diethyl 
ether to leave an off-white precipitate. 0.36 g, 6.9%. 
CHN analysis: Calcd. from C11H10N6·H2O C, 54.09; H, 4.95; N, 34.41% Found C, 53.60; H, 
4.50; N, 30.85%. 
HPLC-MS shows m/z 227.0 [L
16
H]
+
. 
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1
H NMR δH (500 MHz, METHANOL-d4) 6.79 (br. s, 2 H, Py H
3/5
), 6.95 (br. s, 2 H, Pz H
4’
), 
7.62 (br. s, 2 H, Pz H
5’
). 
 
7.3.29. 4-Bromo-2,6-di(1H-pyrazol-3-yl)-pyridine[18] 
 
2,6-Di(1H-pyrazol-3-yl)-pyridin-4-ylamine (336 mg, 1.5 mmol) and sodium nitrite (2 mg, 
0.03 mmol) were suspended in dry acetonitrile (25 mL) under a nitrogen atmosphere. HBr 
solution (48%, 8.60 mL, 51 mmol) and KBr (0.43 g, 3.6 mmol) were added and the mixture 
was stirred for 1 hour until nitrogen evolution had ceased. The mixture was then heated at 
80ºC for 1 hour before being allowed to cool and poured into sodium thiosulphate solution. 
An orange precipitate formed which was removed via filtration. HPLC-MS showed a peak 
at m/z 227.0 which corresponds to the starting material [L
16
H]
+
.  
 
7.3.30. 2,6-Di(4-chloro-1H-pyrazol-3-yl)-pyridine (L17)[19] 
 
Sodium hypochlorite (10 mL, 10-15 %) in water (100 mL) was added to a solution of 2,6-
di(1H-pyrazol-3-yl)pyridine (1.06 g, 5 mmol) in acetic acid (70 mL) and the mixture was 
stirred for 2 hours at room temperature. The mixture was then poured into 200 mL ice water 
before being extracted with 200 mL chloroform and 2 x 80 mL chloroform. The combined 
organic layers were washed with saturated potassium carbonate solution (20 mL) followed 
by water (20 mL) before being dried (MgSO4) and evaporated to give a yellow solid. This 
was then purified by triturating in ethanol and drying in a desiccator. 0.38 g, 27.2 %. 
CHN analysis: calcd. from C11H7Cl2N5·0.5H2O C, 45.70; H, 2.79; N, 24.22, Cl, 24.52 %. 
Found C, 46.30; H, 2.30; N, 23.90; Cl, 25.00. 
ES
+
 mass spectrum: Calcd. from C11H8Br2N5 369.9 g mol
-1
. Found m/z 369.9.  
1
H NMR δH (501 MHz, DMSO-d6) 7.81 (s, 2 H, Pz H
5’
), 8.02 (d, J=7.0 Hz, 2 H, Py H
3/5
), 
8.09 (t, J=7.9 Hz, 1 H, Py H
4
). 
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7.3.31. 2,6-Di(4-bromo-1H-pyrazol-3-yl)-pyridine (L18) 
 
N-bromosuccinamide (1.69 g, 9.4 mmol) and 2,6-di(1H-pyrazol-3-yl)pyridine (1.00 g, 4.7 
mmol) were dissolved in dry tetrahydrofuran ( 40 mL) and the mixture was heated to 80  C 
for 24 hours, after which a white precipitate had formed. The mixture was allowed to cool to 
room temperature before the solid was removed via filtration and washed benevolently with 
water followed by methanol, before being allowed to dry in air. 0.93 g, 53.7 %. 
CHN analysis: calcd. from C11H7Br2N5 C, 35.80; H, 1.91; N, 18.98 %. Found C, 36.30; H, 
1.90; N, 19.40 %. 
ES
+
 mass spectrum: calcd. from C11H7Br2N5 369.01 g mol
-1
. Found m/z 369.91. 
1
H NMR δH (500 MHz, DMSO-d6) 7.82 (br. s., 2 H, PzH
4
), 8.14 (br. s., 2 H, PzH
5
), 8.20 (br. 
s., 1 H, PyH
4
), 13.90 (br. s., 2 H, PzNH). 
 
7.3.32. 2,6-Di(4-biphenyl-4-yl-1H-pyrazol-3-yl)-pyridine 
 
2,6-Di(4-bromo-1H-pyrazol-3-yl)-pyridine (0.50 g, 1.4 mmol), 4-biphenylboronic acid (0.54 
g, 2.7 mmol), tribasic potassium phosphate (0.87 g, 4.0 mmol), 
Bis(dibenzylideneacetone)palladium(0) (14.5 mg, 0.05 mmol) and Tricyclohexylphosphine 
tetrafluoroborate (2.4 mg, 0.06 mmol) were suspended in dry THF (50 mL) under a nitrogen 
atmosphere. The mixture was then heated at 70ºC for 20 hours. HPLC-MS showed the 
presence of starting material (m/z 369.8, [L
18
H]
+
). 
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7.3.33. [Fe(L5)2](ClO4)2·H2O
[20]
 
 
2,6-Di(5-amino-1H-pyrazol-3-yl)pyridine (0.20 g, 0.8 mmol) was suspended in 
nitromethane (15 mL) and iron perchlorate hydrate (0.10 g, 0.4 mmol) was added. The 
solution initially turned a green colour, but this eventually turned to a dark brown. The 
mixture was stirred for 30 minutes before being filtered. Crystals were formed using slow 
vapour diffusion of diethyl ether using the filtrate. Approximates as the monohydrate. 0.17 
g, 56.6 %. 
CHN analysis: Calcd. from C22H22Cl2FeN14O8·H2O C 34.99; H, 3.20; N, 25.96 %. Found C, 
34.45; H, 2.80; N, 25.20 %. 
ES
+
 mass spectrum: Calcd. from C22H22FeN14 538.15 g mol
-1
. Found m/z 269.07. 
1
H NMR δH(500 MHz, DMF) 9.88 (br. s., 8 H, NH2), 27.82 (br. s., 4 H, Pz NH), 31.21 (br. 
s., 2 H, Py H
4
), 50.42 (br. s., 4 H, Py H
3/5
 or Pz H
4’
), 59.69 (br. s., 4 H, Py H
3/5
 or Pz H
4’
). 
 
7.3.34. [Fe(L6)2](BF4)2·H2O
[20]
  
 
Iron(II) tetrafluoroborate hexahydrate (0.06 g, 0.2 mmol) was added to a stirred solution of 
2,6-di(5-tertbutylamido-1H-pyrazol-3-yl)pyridine (0.13 g, 0.3 mmol) and left to stir for 30 
minutes. Diethyl ether was then added until a yellow precipitate formed, which was 
collected via filtration and dried. Approximates as the monohydrate. 0.11 g, 66.2 %. 
Crystals obtained using slow vapour diffusion using methanol/diisopropyl ether.  
CHN analysis: Calcd. from C42H54B2F8FeN14O4·H2O C, 47.30; H, 5.29; N, 18.40 %. Found 
C, 47.15; H, 5.25; N, 18.10 %.  
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ES
+
 mass spectrum: Shows only free ligand at m/z 410.2 [L
6
H]
+
. 
1
H-NMR δH (500 MHz, ACETONE-d6) 3.0 (30 H, CH3), 15.2 (4 H, CONH), 24.3 (2 H, Py 
H
4
), 31.4 (4 H, Pz NH), 55.0 (7 H, Py H
3/5
 or Pz H
4’
), 60.3 (7 H, Py H
3/5
 or Pz H
4’
). 
IR mid: ν(N–H)amide = 3501 cm
-1
 (w), ν(C–H)aromatic = 3143 cm
-1
 (m), ν(C=O)amide = 1678cm
-
1
 (s),  ν(B–F) = 1058 cm-1 (broad, vs). 
 
7.3.35. [Fe(L6)2](ClO4)2·2H2O
[20]
 
 
Iron(II) perchlorate hydrate (0.07 g, 0.2 mmol) was added to a stirred solution of 2,6-di(5-
tertbutylamido-1H-pyrazol-3-yl)pyridine (0.20 g, 0.4 mmol) in nitromethane (15 mL) and 
left to stir for 30 minutes. The resulting mixture was then filtered and to the filtrate diethyl 
ether was added until a yellow precipitate formed, which was removed by filtration and 
washed with diethyl ether. Approximates as the dihydrate. 0.11 g, 39.4 %. 
CHN analysis: Calcd from C42H54Cl2FeN14O12·2H2O C, 45.46; H, 5.27; N, 17.67 %. Found 
C, 45.70; H, 5.05; N, 17.80 %.  
ES
+
 mass spectrum: Calcd from C21H27N7O2 409.2 g mol
-1
. m/z 410.2 [L
6
H]
+
, 432.2 
[L
6
Na]
+
.  
1
H-NMR δH (500 MHz, ACETONE-d6) 3.0 (30 H, CH3), 15.2 (4 H, CONH), 24.3 (2 H, Py 
H
4
), 31.4 (4 H, Pz NH), 55.0 (7 H, Py H
3/5
 or Pz H
4’
), 60.3 (7 H, Py H
3/5
 or Pz H
4’
). 
IR mid: ν(N–H)amide = 3544 cm
-1
 (w), ν(C–H)aromatic = 2968 cm
-1
 (m), ν(C=O)amide = 1675 cm
-
1
 (s), ν(Cl–O) = 1098 cm-1 (vs). 
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7.3.36. [Fe(L7)2](BF4)2 
 
2,6-Di(5-benzylamido-1H-pyrazol-3-yl)pyridine (0.2 g, 0.4 mmol) was added to a solution 
of iron tetrafluoroborate hexahydrate (0.07 g, 0.2 mmol) in methanol (10 mL) immidiately 
producing a yellow precipitate. The mixture was stirred for a further 30 minutes before 
filtering to remove a yellow solid. 0.15 g, 59.6 %. 
CHN analysis: Calcd. from C50H38B2F8FeN14O4 C, 53.22; H, 3.39; N, 17.38 %. Found C, 
52.80; H, 3.60; N, 17.30 %.  
 
7.3.37. [Fe(L7)2](ClO4)2 
 
Iron(II) perchlorate hydrate (0.06 g, 0.2 mmol) was added to a stirred suspension of 2,6-
Bis(5-{benzylamide}-1H-pyrazol-3-yl)pyridine (0.20 g, 0.4 mmol) in nitromethane (15 mL) 
and the mixture was stirred for 30 minutes. The mixture was filtered and to the filtrate 
diethyl ether was added until a yellow precipitate formed which was removed via filtration. 
0.16 g, 69.3 %. 
CHN analysis: Calcd. from C50H38Cl2FeN14O12 C, 52.05; H, 3.32; N, 17.00 %. Found C, 
52.40; H, 3.50; N, 17.45 %.  
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7.3.38. [Fe(L8)2](BF4)2 
 
2,6-Di(5-{methylthiourea}-1H-pyrazol-3-yl)pyridine (0.20 g, 0.5 mmol) was dissolved in 
methanol and iron(II) tetrafluoroborate hexahydrate (0.09 g, 0.2 mmol) was added and the 
mixture stirred for 30 minutes. The mixture was then filtered and diethyl ether was added 
until a light brown precipitate formed, which was collected via filtration. 0.14 g, 53.7 %. 
CHN analysis: Calcd. from C30H34B2F8FeN18S4 C, 35.87; H, 3.41; N, 25.10 %. Found C, 
36.65; H, 3.45; N, 25.40 %.  
IR mid: ν(N-H) = 3351 cm-1 (m), ν(N-H) = 5515 cm-1 (m), ν(C-H) = 3219 cm-1 (w), 
ν(C=C)aromatic = 1605 cm
-1
 (s), ν(C=S) = 1341 cm-1 (s). 
 
7.3.39. [Fe(L10)2](BF4)2·2H2O 
 
2,6-Di(5-ethyl-1H-pyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) was dissolved in methanol (15 
mL) and iron(II) tetrafluoroborate hexahydrate (0.13 g, 0.3 mmol) was added. The mixture 
was then stirred for 30 minutes at room temperature, before the solvent was removed. 
Toluene was added to the sticky residue and sonicated until the residue became a powder, 
which was removed via filtration. 0.20 g, 86.6 %. 
CHN analysis: Calcd. from C30H34B2F8FeN10·2H2O C, 45.03; H, 4.79; N, 17.51%. Found C, 
45.70; H, 4.90; N, 15.60%. 
ES
+
 mass spectrum shows only free ligand at m/z 290.1 [L
10
Na]
+
. 
1
H NMR δH (300 MHz, METHANOL-d4) 0.2 (s, 12 H, CH3), 17.3 (br. s., 8 H, CH2), 21.7 
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(br. s, 2 H, Py H
4
), 46.3 (br. s, 4 H, Py H
3/5
 or Pz H
4’
), 53.3 (br. s, 4 H, Py H
3/5
 or Pz H
4’
). 
 
 
7.3.40. [Fe(L10)2](ClO4)2·2H2O 
 
2,6-Di(5-ethyl-1H-pyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) was dissolved in methanol (15 
mL) and iron(II) perchlorate hydrate (0.09 g, 0.3 mmol) was added. The mixture was then 
stirred for 30 minutes at room temperature, before the solvent was removed. Toluene was 
added to the sticky residue and sonicated until the residue became a powder, which was 
removed via filtration. 0.19 g, 94.2 %. 
CHN analysis: Calcd. from C30H34ClFeN10O4·2H2O C, 49.63; H, 5.28; N, 19.29%. Found C, 
47.20; H, 4.80; N, 17.80%. 
ES
+
 mass spectrum shows only free ligand at m/z 268.2 [L
10
H]
+
. 
1
H NMR δH (300 MHz, METHANOL-d4) 0.5 (s, 12 H, CH3), 17.6 (br. s., 8 H, CH2), 22.0 
(br. s, 2 H, Py H
4
), 46.6 (br. s, 4 H, Py H
3/5
 or Pz H
4’
), 53.6 (br. s, 4 H, Py H
3/5
 or Pz H
4’
). 
IR mid: ν(O-H)water = 3100-3400cm
-1
 (m), ν(C-H) = 2973 cm-1 (m), ν(Cl-O) = 1058 cm-1 
(vs). 
 
7.3.41. [Fe(L11)2](BF4)2 
 
2,6-Di(5-isopropyl-1H-pyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) was dissolved in methanol 
(15 mL) and iron(II) tetrafluoroborate hexahydrate (0.11 g, 0.3 mmol) was added and the 
solution stirred at room temperature for 30 minutes. The solvent was evaporated, the 
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resulting residue was sonicated in diethyl ether and filtered to leave a brown solid. 0.26 g, 
94.3 %. 
CHN analysis: Calcd. from C34H42B2F8FeN10·2H2O C, 47.69; H, 5.41; N, 16.36%. Found C, 
46.60; H, 5.10; N, 15.60%. 
ES
+
 mass spectrum: ligand peak at m/z 296.19 [L
11
]
+
. 
1
H NMR δH (500 MHz, ACETONITRILE-d3) 0.6 (br. s., 24 H, CH3), 16.6 (br. s., 4 H, 
CH(CH3)2), 23.0 (br. s., 2 H, Py H
4
), 31.2 (br. s., 4 H, Pz NH), 50.2 (br. s., 4 H, Py H
3/5
 or 
Pz H
4
), 57.3 (br. s., 4 H, Py H
3/5
 or Pz H
4
). 
IR mid: ν(O-H)water = 3200-3450 cm
-1
 (m), ν(C-H) = 2969 cm-1 (m), ν(B-F) = 1023 cm-1 
(vs). 
 
 
7.3.42. [Fe(L12)2](BF4)2·CF3CH2OH 
 
Iron(II) tetrafluoroborate hexahydrate (0.10 g, 0.3 mmol) was added to a stirred solution of 
2,6-di(5-tertbut-1H-pyrazol-3-yl)pyridine (0.20 g, 0.6 mmol) in methanol and stirring 
continued for a further 30 minutes. The solvent was evaporated and the resulting brown 
solid was recrystallised from trifluoroethanol/diethyl ether. Crystals suitable for x-ray 
diffraction were obtained via slow vapour diffusion from trifluoroethanol using diisopropyl 
ether as the anti-solvent. Approximates as the CF3CH2OH solvate, which agrees with the 
crystal structure. 0.16 g, 58.3 %. 
CHN analysis: Calcd. from C38H50B2F8FeN10·CF3CH2OH C 49.21; H, 5.47; N, 14.35 %. 
Found C, 48.80; H, 5.60; N, 14.80 %. 
ES
+
 mass spectrum: calcd. from C38H49FeN10 701.3 g mol
-1
. Found m/z 701.3. 
1
H NMR δH (300 MHz, ACETONE-d6): 2.1 (36 H, C(CH3)3), 23.1 (2 H, Py H
4
), 35.7 (4 H, 
Pz NH), 53.1, 59.0 (4 H, Py H
3/5
 and Pz H
4’
). 
IR mid: ν(O-H)water = 3200-3500 cm
-1
 (m), ν(C-H) = 2965 cm-1 (m), ν(B-F) = 1020 cm-1 
(vs). 
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7.3.43. [Fe(L14)2](BF4)2·0.5CF3CH2OH 
[20]
 
 
Iron tetrafluoroborate hexahydrate (0.12 g, 0.4 mmol) was added to a stirred solution of 2-
(5-tert-Butyl-1H-pyrazol-3-yl)-6-(5-methyl-1H-pyrazol-3-yl)-pyridine (0.2 g, 0.7 mmol) in 
methanol (15 mL) and the solution was stirred for 30 minutes. The resultant brown solution 
was concentrated and water was added until a precipitate formed. This was removed via 
filtration and dried. Crystals suitable for x-ray diffraction were obtained via slow vapour 
diffusion from trifluoroethanol using diethyl ether as the anti-solvent. Approximates as 
having 0.5 trifluoroethanol molecules per formula unit. 0.20 g, 71.0%. 
CHN analysis: calcd. from C32H38B2F8FeN10·0.5CF3CH2OH C, 47.06; H, 4.73; N, 16.63%. 
Found C, 47.30; H, 5.15; N, 16.60%. 
ES
+
 mass spectrum: Shows only free ligand at m/z 282.2 [L
14
]
+
. 
1
H NMR δH (300 MHz, METHANOL-d6) 1.0 (s, 9 H, C(CH3)3), 20.6 (s, 3 H, CH3), 23.0 (s, 
1 H, Py H
4
), 48.7 (s, 1 H, Pz H
4’
), 53.0 (s, 1 H, Pz H
4’’
), 56.3 (s, 1 H, Py H
3
), 60.1 (s, 1 H, Py 
H
5
). 
IR mid: ν(O-H)water = 3200-3500 cm
-1
 (m), ν(C-H) = 2968 cm-1 (m), ν(B-F) = 1037 cm-1 
(vs). 
 
7.3.44. [Fe(L15)2](ClO4)2·0.5C7H8 CH3NO2
 [20]
 
 
5-[6-(5-tert-Butyl-1H-pyrazol-3-yl)-pyridin-2-yl]-1H-pyrazol-5-ylamine (0.20 g, o.7 mmol) 
was suspended in nitromethane (15 mL) and iron perchlorate hydrate (0.10 g, 0.4 mmol) 
was added. The mixture slowly bagan to dissolve into a brown solution. This was then 
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layered with toluene to give a brown precipitate which was removed via filtration. 
Approximates as one nitromethane and 0.5 toluene molecules per formula unit. 0.20 g, 69.0 
%. 
CHN analysis: Calcd. from C30H36Cl2FeN12O8·0.5C7H8 CH3NO2 C, 44.72; H, 4.68; N, 19.65 
%. Found C, 44.50; H, 4.60; N, 19.60 %. 
ES
+
 mass spectrum: Shows only free ligand at m/z 283.17 [L
15
]
+
. 
1
H NMR δH (500 MHz, CHLOROFORM-d) 6.3 (s, 18 H, C(CH3)3), 31.8 (br. s., 2 H, Py 
H
4
), 53.9 (br. s., 2 H, Pz H
4’
), 56.7 (br. s., 2 H, Pz H
4’’
), 63.0 (br. s., 2 H, Py H
3
), 65.8 (br. s., 
2 H, Py H
5
). 
IR mid: ν(O-H)water = 3200-3500 cm
-1
 (m), ν(C-H) = 2968 cm-1 (m), ν(B-F) = 1063 cm-1 
(vs). 
 
7.3.45. [Fe(L16)2](ClO4)2 
 
2,6-Di(1H-pyrazol-3-yl)-pyridin-4-ylamine (0.10 g, 0.4 mmol) was dissolved in methanol 
(15 mL) and iron(II) perchlorate hydrate (0.06 g, 0.2 mmol) was added. After stirring for 1 
hour diethyl ether was added to the solution until a brown precipitate formed, which was 
removed via filtration and dried. 0.03 g, 19.1 % 
CHN analysis: Calcd. from C22H20Cl2FeN12O8 C, 37.36; H, 2.85; N, 23.77%. Found C, 
38.70; H, 3.30; N, 21.00%. 
ES
+
 mass spectrum: shows only free ligand at m/z 227.1 [L
16
H]
+
. 
1
H NMR δH (500 MHz, ACETONITRILE-d3) 46.1 (br. s., 4 H, Pz H
5
), 47.7 (br. s., 4 H, Pz 
H
4
 or Py H
3/5
), 49.1 (br. s., 4 H, Pz H
4
 or Py H
3/5
), 78.0 (br. s., 4 H, Pz NH). 
IR mid: ν(N-H) = 3472 cm-1 (m), ν(C-H) = 2960 cm-1 (w), ν(Cl-O) = 1083 cm-1 (vs). 
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7.3.46. [Fe(L17)2](ClO4)2 
 
2,6-Di(4-chloro-1H-pyrazol-3-yl)-pyridine (0.10 g, 0.4 mmol) was suspended in methanol 
(15 mL) and iron(II) perchlorate hydrate (0.04 g, 0.2 mmol) was added. The mixture was 
stirred at room temperature for 30 minutes before being filtered. Diethyl ether was added to 
the filtrate and the resulting microcrystalline orange solid was removed via filtration. 0.034 
g, 20.9%. 
CHN analysis: Calcd. from C22H14Cl6FeN10 C, 32.42; H, 1.73; N, 17.19%. Found C, 31.50; 
H, 1.55; N, 16.30%. 
1
H NMR δH (501 MHz, METHANOL-d4) 13.6 (br. s., 2 H, Py H
4
), 35.8 (br. s., 4 H, Pz H
5
 
or PyH
3/5
), 38.8 (br. s., 4 H, Pz H
5
 or PyH
3/5
). 
IR mid: ν(N-H) = 3134 cm-1 (m), ν(C-H) = 2926 cm-1 (w), ν(C=C)aromatic = 1607 cm
-1
 (m), 
ν(Cl-O) = 1039 cm-1 (vs). 
 
 
7.3.47. [Fe(L18)2](ClO4)2·CH3OH 
 
2,6-Di(4-bromo-1H-pyrazol-3-yl)pyridine (0.20 g, 0.7 mmol) was suspended in methanol 
(15 mL) and iron(II) perchlorate hydrate (0.09 g, 0.3 mmol) was added. The mixture was 
stirred for 1 hour until a brown solution was formed. The mixture was filtered and diethyl 
ether was added to the filtrate until a red precipitate formed. The precipitate was isolated via 
filtration and washed with ether. Microanalysis shows the complex approximates as the 
methanol solvate, which is also confirmed by the crystal structure. 0.15 g, 51.6 %. 
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CHN analysis: calcd. from C22H14Br4Cl2FeN10O8·CH3OH C, 26.96; H, 1.77; N, 13.67 %. 
Found C, 27.15; H, 1.50; N, 14.20 %. 
ES
+
 mass spectrum: m/z 391.89 [L
18
Na]
+
. 
1
H NMR δH (501 MHz, METHANOL-d4) 11.3 (br. s., 2 H, Py H
4
), 23.7 (br. s., 4 H, Pz H
5
 
or PyH
3/5
), 24.6 (br. s., 4 H, Pz H
5
 or PyH
3/5
).  
IR mid: ν(N-H) = 3134 cm-1 (m), ν(C-H) = 2926 cm-1 (w), ν(C=C)aromatic = 1607 cm
-1
 (m), 
ν(Cl-O) = 1039 cm-1 (vs). 
 
7.4. Chapter 5: 
Iron(II) Complexes Incorporating 2,6-Di(5-methyl-1H-pyrazol-3-
yl)pyridine and Resulting Perchlorate and Tetrafluoroborate Solid 
Solutions 
 
7.4.1. [Fe(L9)2](BF4)2·2H2O
[21]
 
 
2,6-Di(5-methyl-1H-pyrazol-3-yl)pyridine (0.40 g, 1.7 mmol) was dissolved in methanol 
(15 mL) and iron(II) tetrafluoroborate hexahydrate (0.28 g, 0.8 mmol) was added. The 
solution was then stirred for 30 minutes at room temperature before diethyl ether was added 
until a precipitate formed. The dark red precipitate was then removed via filtration, washed 
with diethyl ether and dried. 0.50 g, 88.2% 
CHN analysis: calcd. from C26H26FeN10B2F8·2H2O C, 41.97; H, 4.06; N, 18.83%. Found C, 
42.30; H, 4.00; N, 18.80%. 
ES
+
 mass spectrum: m/z 240.12 [L
9
H]
+
. 
1
H NMR δH (300 MHz, METHANOL-d4): 18.8 (12 H, CH3), 21.4 (2 H, Py H
4
), 44.3, 51.0 
(4 H, Py H
3/5
 and Pz H
4’
). 
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7.4.2. [Fe(L9)2](ClO4)2
[22]
 
 
2,6-Di(5-methyl-1H-pyrazol-3-yl)pyridine (0.40 g, 1.7 mmol) was dissolved in methanol 
(15 mL) and iron(II) perchlorate hydrate (0.21 g, 0.8 mmol) was added. The solution was 
then stirred for 30 minutes at room temperature before diethyl ether was added until a 
precipitate formed. The dark red precipitate was then removed via filtration, washed with 
diethyl ether and dried. 0.42 g, 72.0%. 
CHN analysis: calcd. from C26H26FeN10Cl2O8 C, 42.59; H, 3.57; N, 19.10; Cl, 9.67%. Found 
C, 42.50; H, 4.00; N, 19.05; Cl, 9.35%. 
ES
+
 mass spectrum: m/z 240.12 [L
9
H]
+
. 
1
H NMR δH (300 MHz, METHANOL-d4): 18.9 (12 H, CH3), 21.5 (2 H, Py H
4
), 44.3, 51.0 
(4 H, Py H
3/5
 and Pz H
4’
). 
 
7.4.3. 9:1 (BF4:ClO4) Complex Mixture 
9(BF4)2 (100 mg, 0.14 mmol) and 9(ClO4)2 (12 mg, 0.02 mmol) were dissolved methanol (2 
mL). The solution was then filtered and set up for slow vapour diffusion with diethyl ether 
at 4°C. Quantitative. 
 
 
7.4.4. 3:1 (BF4:ClO4) Complex mixture 
9(BF4)2 (29 mg, 0.04 mmol) and 9(ClO4)2 (10 mg, 0.01 mmol) were dissolved methanol (2 
mL). The solution was then filtered and set up for slow vapour diffusion with diethyl ether 
at 4°C. Quantitative. 
CHN analysis: calcd. from C26H26FeN10Cl0.5O2B1.5F6·2H2O C, 42.64; H, 3.85; N, 19.13; Cl, 
2.42%. Found C, 41.80; H, 3.95; N, 18.50; Cl, 2.30%. 
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7.4.5. 1:1 (BF4:ClO4) Complex Mixture 
9(BF4)2 (677 mg, 1.00 mmol) and 9(ClO4)2 (700 mg, 1.00 mmol) were dissolved methanol 
(2 mL). The solution was then filtered and set up for slow vapour diffusion with diethyl 
ether at 4°C. Quantitative. 
CHN analysis: calcd. from C26H26FeN10ClO4BF4·2H2O C, 41.27; H, 4.00; N, 18.51; Cl, 
4.69%. Found C, 41.50; H, 3.90; N, 18.40; Cl, 4.40%. 
 
7.4.6. 1:3 (BF4:ClO4) Complex Mixture 
9(BF4)2 (32 mg, 0.04 mmol) and 9(ClO4)2 (100 mg, 0.14 mmol) were dissolved methanol (2 
mL). The solution was then filtered and set up for slow vapour diffusion with diethyl ether 
at 4°C. Quantitative. 
CHN analysis: calcd. from C26H26FeN10Cl1.5O6B0.5F2·2H2O C, 40.93; H, 3.96; N, 18.36; Cl, 
6.97%. Found C, 41.10; H, 3.80; N, 17.90; Cl, 6.50%. 
 
7.5. Chapter 6: 
Ruthenium Transfer Hydrogenation Catalysts Based on 2,6-Di(1H-
pyrazol-3-yl)pyridine Derivatives 
 
7.5.1. [Ru(L6)(PPh3)2]Cl2·H2O
[23]
 
 
Dichlorotris(triphenylphosphine)ruthenium(II) (0.36 g, 0.4 mmol) and 2,6-Di(5-
tertbutylamido-1H-pyrazol-3-yl)pyridine (0.15 g, 0.4 mmol) were suspended in dry 
dichloromethane (15 mL) and stirred for 3 hours at room temperature. The solvent was 
reduced and diethyl added to form a precipitate which was removed via filtration. Washed 
with diethyl ether to remove excess triphenyl phosphine and dried in air. 0.11 g, 27.4 %. 
CHN analysis: calcd. from C57H57Cl2N7O2P2Ru·H2O C, 60.91; H, 5.29; N, 8.72; Cl, 6.31 %. 
Found C, 60.50; H, 5.30; N, 9.20; Cl, 6.10 %. 
ES
+
 mass spectrum shows free ligand at m/z 410.23 [L
6
H]
+
. 
1
H NMR δH (500 MHz, DMSO-d6) 1.25 (s, 18 H, CH3), 7.20 (s, 2 H, Pz H
4
), 7.22 - 7.46 (m, 
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24 H, aromatic), 7.54 - 7.97 (m, 9 H, aromatic). 
31
P{
1
H}-NMR δP (121 MHz, CHLOROFORM-d) 34.8 (s, PPh3). 
IR mid: ν(O-H)water, ν(N-H)amide = 3100-3400 cm
-1
 (w), ν(C-H) = 3055 cm-1 (w), ν(C=O) = 
1645 cm
-1
 (m). 
 
7.5.2. [Ru(L7)(PPh3)2]Cl2
[23]
 
 
2,6-Di(5-benzylamido-1H-pyrazol-3-yl)pyridine (0.17 g, 0.4 mmol) and 
dichlorotris(triphenylphosphine)ruthenium(II) (0.36 g, 0.4 mmol) were suspended in dry 
dichloromethane (~50 mL) and the mixture was stirred at room temperature for 12 hours. 
Diethyl ether was added until a white precipitate formed which was removed via filtration 
(uncoordinated ligand). The filtrate was then evaporated to leave a yellow solid. 0.25 g, 59.5 
%. 
CHN analysis: calcd. from C61H49Cl2N7O2P2Ru C, 63.93; H, 4.31; N, 8.56 %. Found C, 
63.30; H, 4.30; N, 8.70 %. 
1
H NMR δH (300 MHz, CHLOROFORM-d) 6.73-7.39 (m, 30 H, PPh3), 7.41 (d, J=7.7 Hz, 4 
H, Bz H
2’’/6’’
), 7.49-7.59 (m, 4 H, Bz H), 7.70 (t, J=7.7 Hz, 1 H, Py H
4
), 7.79 (d, J=7.2 Hz, 2 
H, Py H
3/5
). 
31
P{
1
H} NMR δP (121 MHz, CHLOROFORM-d) 36.5 (s, PPh3). 
IR mid: ν(O-H)water, ν(N-H)amide = 3100-3400 cm
-1
 (w), ν(C-H) = 3055 cm-1 (w), ν(C=O) = 
1681 cm
-1
 (m). 
 
7.5.3. [Ru(L9)(PPh3)2]Cl2·H2O
[23]
 
 
Dichlorotris(triphenylphosphine)ruthenium(II) (0.36 g, 0.4 mmol) and 2,6-di(5-methyl-1H-
pyrazol-3-yl)pyridine (0.09 g, 0.4 mmol) were suspended in dry dichloromethane (15 mL) 
and stirred for 3 hours at room temperature. The solvent was reduced and diethyl added to 
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form a precipitate which was removed via filtration. Washed with diethyl ether to remove 
excess triphenyl phosphine and dried in air. Crystals suitable for x-ray diffraction were 
obtained via slow vapour diffusion from methanol/diisopropyl ether. 0.23 g, 90.7 %. 
CHN analysis: Calcd. from C47H43Cl2N5P2Ru·H2O C, 59.06; H, 4.53; N, 10.26; Cl, 7.42%. 
Found C, 59.10; H, 4.60; N, 7.50; Cl, 7.60%. 
ES
+
 mass spectrum: calcd. from C31H28ClN5PRu
+
 638.08 g mol
-1
. Found m/z 638.08. 
1H NMR δH (300 MHz, METHANOL-d4) 2.21 (s, 6 H, CH3), 6.37 (s, 2 H, Pz H
4
), 7.01 (d, 
J=7.7 Hz, 2 H, Py H
3/5
), 7.09 - 7.35 (m, 33 H, PPh3 and Py H
4
). 
31
P{
1
H} NMR δP (121 MHz, CHLOROFORM-d) 24.4 (s, PPh3). 
IR mid: ν(O-H)water = 3100-3300 cm
-1
 (w), ν(C-H) = 2901 cm-1 (w), ν(C=C)aromatic = 1653 
cm
-1
 (m). 
 
7.5.4. [Ru(L10)(PPh3)2]Cl2·H2O
[23]
 
 
Dichlorotris(triphenylphosphine)ruthenium(II) (0.36 g, 0.4 mmol) and 2,6-di(5-ethyl-1H-
pyrazol-3-yl)pyridine (0.10 g, 0.4 mmol) were suspended in dry dichloromethane (15 mL) 
and stirred for 3 hours at room temperature. After this time a precipitate had formed which 
was removed via filtration and washed with diethyl ether to remove excess triphenyl 
phosphine. 0.24 g, 66.5 %. 
CHN analysis: calcd. from C51H47Cl2N5P2Ru·H2O C, 62.38; H, 5.03, N, 7.13; Cl, 7.22 %. 
Found C, 62.20; H, 5.10; N, 7.40; Cl, 7.20 %. 
ES
+
 mass spectrum: calcd. from C51H47ClN5P2Ru
+
 928.20 g mol
-1
. Found m/z 928.20. 
1
H NMR δH (300 MHz, METHANOL-d4) 1.06 (t, J=7.6 Hz, 6 H, CH2CH3), 2.56 (q, J=7.6 
Hz, 4 H, CH2CH3),6.40 (s, 2 H, Pz H
4
), 7.00 (d, J=7.8 Hz, 2 H, Py H
3/5
), 7.08 - 7.32 (m, 31 
H, PPh3 and Py H
4
). 
31
P{
1
H} NMR δP (121 MHz, METHANOL-d4) 24.4 (s, PPh3). 
IR mid: ν(O-H)water = 3100-3300 cm
-1
 (w), ν(C-H) = 3052 cm-1 (w), ν(C=C)aromatic = 1559 
cm
-1
 (m). 
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7.5.5. [Ru(L12)(PPh3)2]Cl2·2H2O
[23]
 
 
RuCl2(PPh3)3 (0.36 g, 0.4 mmol) and 2,6-Bis(5-tertbut-1H-pyrazol-3-yl)pyridine (0.09 g, 
0.4 mmol) were suspended in dry dichloromethane (15 mL) and stirred for 3 hours at room 
temperature. The solvent was reduced and diethyl added to form a precipitate which was 
removed via filtration. Washed with diethyl ether to remove excess triphenyl phosphine and 
dried in air. Crystals suitable for x-ray diffraction were obtained from deuterated 
chloroform. 0.29 g, 76.9 %. 
CHN analysis: calcd. from C55H55Cl2N5P2Ru·2H2O C, 62.55; H, 5.63; N, 6.63; Cl, 6.71 %. 
Found C, 61.90; H, 5.40; N, 6.30; Cl, 6.80 %. 
ES
+
 mass spectrum: calcd. from C55H55N5P2RuCl 984.27 g mol
-1
. Found m/z 984.27. 
1
H NMR δH (300 MHz, CHLOROFORM-d) 1.14 (s, 18 H, CH3), 6.30 (s, 2 H, Pz H
4
), 6.92 
(d, J=7.9 Hz, 2 H, Py H
3/5
), 7.01 - 7.18 (m, 31 H, aromatic), 12.05 (br. s, 2 H, Pz NH). 
31
P{
1
H} NMR δP (121 MHz, CHLOROFORM-d) 23.7 (s, PPh3). 
IR mid: ν(C-H) = 3052, 2962 cm-1 (w), ν(C=C)aromatic = 1611 cm
-1
 (m). 
 
7.5.6. [Ru(L12)(OH2)(PPh3)2](PF6)2 
 
[Ru(L
12
)(PPh3)2]Cl2 (0.10 g, 0.01 mmol) was dissolved in dichloromethane (15 mL) and 
silver hexafluorophosphate (0.05 g, 0.02 mmol) was added. The mixture was filtered and the 
filtrate evaporated. 0.11 g, 91.4 %. 
CHN analysis: Calcd. from C55H55F12N5P4Ru·H2O C, 52.55; H, 4.57; N, 5.57%. Found C, 
51.60; H, 4.40; N, 5.30%. 
1
H-NMR δH (300 MHz, METHANOL-d4) 1.22 (s, 18 H, CH3), 6.53 (br. s, 2 H, Pz H
4’
), 
7.03-7.35 (m, 33 H, PPh3, Py H
3/4/5
). 
31
P{
1
H} NMR δP (121 MHz, METHANOL-d4) 23.9 (s, PPh3), -144.6 (hept, J=751 Hz, PF6). 
IR mid: ν(C-H) = 2963 cm-1 (w), ν(C=C)aromatic = 1653 cm
-1
 (m), ν(P-F) = 846 cm-1 (s) 
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In this work a number of novel ligands based on the 2,6-di(1H-pyrazol-3-yl)pyridine 
structure, bearing substituents on the pyridine C4 and pyrazolyl N1, C4 and C5 positions 
have been successfully synthesised. These synthetic pathways were discussed in detail in 
Chapter 2. Substitution with alkyl groups at the pyrazolyl N1 position proceeded favourably 
to give the desired ligands in high purity, however this pathway is not suitable for attaching 
sp
2
 hybridised centres such as benzene. In an attempt to obtain this product phenyl 
hydrazine was used in the pyrazole ring formation instead of hydrazine, however this 
resulted in a mixture of isomers which could not be separated. Additional work could 
attempt to attach a pyridyl group to the pyrazolyl N1 position, as pyridines are more 
susceptible to SNAr and whether 2-halopyridine or 4-halopyridine is used could result in 
differing hydrogen bonding networks and topologies. Methods were also used which 
allowed the substitution of substituents on the pyrazolyl C5 position. This was largely 
successful and allowed alkyl, amino, amido, thiourea and pyridyl groups to be placed on the 
pyrazole C5 position. In the instance of tertbutyl groups the incompleteness of the reaction 
allowed asymmetrically substituted 3-bpp ligands to be synthesised, which are the first of 
their kind in the literature. Substitution at the pyridyl C4 position proved troublesome, but 
eventually 2,6-di-(1H-pyrazol-3-yl)-pyridin-4-ylamine (L
16
) was successfully synthesised, 
however in poor yields. As a result further modifications at this position could not be carried 
out, so improving the synthetic pathway towards pyridyl C4 substituted 3-bpp ligands 
requires more work. 
These novel ligands, along with some which have already been synthesised in the literature 
were then used to make their respective iron(II) and ruthenium(II) complexes in order to 
elucidate the existence of any structure/function relationships which may exist. Iron(II) 
complexes made using 3-bpp ligands substituted at the pyrazolyl N1 position show that their 
bulk phases are all fully HS over the entire temperature range. For the bulkier substituents 
such as the isopropyl, allyl and benzyl groups this behaviour is expected as these groups 
could clash with the ligand backbone upon the contraction of the coordination sphere 
accompanying a HS→LS transition. Methyl substituents, however, are not expected to 
hinder a spin transition and iron(II) complexes of isomeric 1-bpp ligands do show SCO 
behaviour. Indeed, it was observed in the crystal structure of [Fe(L
1
)2](BF4)2·H2O that one 
symmetrically inequivalent iron centre was partially HS, making it a promising candidate 
for SCO. The bulk phase, however, showed no such behaviour and remained fully HS over 
the entire temperature range. The bulk phase was shown to be different to that of the single 
crystal by PXRD which is likely to be due to the loss of water over time. The difference in 
the behaviour of the iron(II) complexes of L
1
 and those of its isomeric 1-bpp equivalent is 
likely to be a result of subtle steric and electronic factors. 
Conclusions and Future Work 
 
278 
 
In Chapter 4 the effect on the corresponding iron(II) complexes of a number of 
modifications to the 3-bpp structure were investigated. It appears that retaining the pyrazolyl 
NH functionality can lead to hydrogen bonding and a number of different topologies. 
Perhaps the most pronounced of these structures is that of the complex 
[Fe(L
5
)2](ClO4)2·2(C2H5)2O·CH3NO2 which exhibits an interpenetrating, 3-dimensional 
hydrogen bond network between dications and anions which shares similarities with the 
fluorite topology. It was expected that this complex would show a high degree of 
cooperativity and possibly show a hysteretic, discontinuous spin transition. This seems to be 
the case, however due to the instability of this complex magnetic measurements could not 
be performed on a phase pure sample. Complexes of ligands bearing bulky groups on the 
pyrazolyl C5 position, such as the tertbutylamido groups of L
6
, can result in a large 
distortion of the iron coordination sphere favouring the HS state. In this case the energy 
required to rearrange the surrounding lattice required for a HS→LS transition is too great 
and the complex remains trapped in the HS state over the entire temperature range. The 
substitution of alkyl groups onto the pyrazolyl C5 position generally gave complexes with 
continuous spin transitions, indicating a lack of cooperativity. The magnetic susceptibility of 
these complexes in acetone solution suggests that the addition of alkyl groups to the 
pyrazolyl C5 position stabilises the HS state and increases T1/2. The opposite behaviour is 
expected by inductive effects and perhaps density functional calculations may provide an 
explanation for this behaviour. Also in Chapter 4, an interesting reaction of the complex 
[Fe(L
15
)2](ClO4)2 resulted in two ligands in adjacent complex molecules becoming linked by 
a six-membered ring formed from two acetone molecules. It is uncertain whether this 
reaction is the result of the properties of the ligand itself, or if it is somehow mediated by the 
iron. Further mechanistic studies would be required to fully understand this observation. 
Chapter 5 was concerned with the synthesis of mixed anion complexes of the type 
[Fe(L
9
)2](BF4)x(ClO4)2-x in order to understand the differences between the isostructural 
perchlorate and tetrafluoroborate salts. The effects of thermal cycling and thermal scan rate 
were investigated on these complexes after repeated scanning the 1:1 (BF4:ClO4) mixture 
showed seemingly bizarre magnetic behaviour. This behaviour is believed to be a result of 
the dependence of this sample on the thermal scan rate involving a kinetically slow 
transition from HS→LS. Therefore when a scan rate of 5 K min-1 was used, the complex 
appeared to be trapped in the HS state and showed a magnetic profile similar to the pure 
perchlorate. Reducing the scan rate, however, shows an incomplete two-step transition in 
the cooling mode and what initially appears to be a reverse spin transition in the warming 
mode. This behaviour could follow a mechanism similar to that observed in the LIESST 
effect, where the complex is trapped in a metastable state at low temperatures but slowly 
increasing the temperature eventually allows it to relax to the more thermodynamically 
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stable LS state. Thermal cycling at a rate of 0.5 Kmin
-1
 shows an asymmetric, hysteretic 
spin transition with a two-step HS→LS conversion and a single, abrupt LS→HS 
conversion. Because of this slow kinetic conversion between the two spin states it would be 
interesting to conduct LIESST experiments on this sample to determine the lifetime of the 
metastable excited state. 
Some of the novel 3-bpp ligands synthesised in Chapter 1 were then employed to make 
ruthenium(II) pincer type complexes for applications in transfer hydrogenation. In Chapter 6 
a number of these complexes were synthesised and their efficacy as catalysts determined. 
The formation of two isomers, where the triphenylphosphine ligands are either cis or trans, 
complicated the synthesis of the catalysts. While they could be separated based on their 
differing solubilities this separation did not always occur cleanly and greatly reduced the 
yield of these complexes. Because of this full optimisation of the catalytic reaction could not 
be done, however the relative activities of this series of complexes remains valid. In 
addition a chlorido complex was exchanged with PF6 to give [Ru(L
12
)(PPh3)2]PF6 which 
was shown to have a water molecule coordinating to the site trans to the bpp ligand. The 
more labile water molecule was expected to make binding of the substrate easier, thus 
speeding up the reaction. As expected [Ru(L
12
)(PPh3)2]PF6 showed the highest catalytic 
activity of these complexes. It was desirable to make the PF6 salts of other complexes, 
however this was not possible due to either low yields of the chloride or re-equilibration of 
the isomers during the salt exchange. Additional work in this area should focus on the 
acquisition of the ruthenium complexes in sufficient isomeric purity and yield in order to 
allow the formation of more PF6 salts and a more comprehensive catalytic study, which 
would include the TH of a wider range of substrates.
 
